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Summary 
Nitrous oxide has been considered as a propellant for space applications. Its application offers 
multiple advantages (higher ~ V manoeuvres, system multi-functionality and flexibility, and low-
cost) over existing propulsion systems for a small satellite. 
In 1998, a Ph.D. research programme was started at Surrey Space Centre to investigate N20 
propulsion option for small satellite applications. The primary objective of this research is to 
identify the advantages & disadvantages and quantify the performance of the use of this 
propellant for spacecraft propulsion. To achieve this two sub-sequent research goals have been 
set: investigate the potential of N20 as a spacecraft propellant; assess the feasibility of suggested 
N20 decomposition technique. 
During the course of the research both of the goals were achieved. Analysis of the specifics of 
small satellite propUlsion suggested that liquefied gases were the preferred propellants. Extensive 
background information regarding its properties, storage, handling, and applications has shown 
that N20 is safe, low cost, suitable, and may be catalytically, exothermically decomposed. N20 
multi-mode propulsion system concept was proposed for a small satellite. A novel 
monopropellant thruster concept employing N20 catalytic decomposition technique was 
developed. Test apparatus, set-up, procedure, and data acquisition were developed for the testing. 
More than 250 tests were performed to gain experience on the subject. 
The following are the main contributions to the state-of-the-art in this field by this research: 
• The decomposition technique suggested was proven feasible for the restartable N20 
monopropellant; 
• The input power for N20 decomposition initiation was determined, and found suitable for 
micro-satellite platforms; 
• The method involving loading factors and axial temperature profile for N20 decomposition is 
developed, and found useful for the catalyst pack sizing; 
• The pressure drop through N20 catalyst pack was predicted, and found to be within feed 
system operational limits; 
• N20 decomposition was found to be flow-controlled, and is proposed for the monopropellant 
thruster control; 
• A model was developed for designing of N20 monopropellant thrusters; 
• The challenges of N20 decomposition were identified, and are associated with high process 
temperature. 
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Glossary of Terms 
A cold-gas propulsion system (Figure 1-1) uses the pre-stored energy of a compressed gas to 
develop thrust. [Humble95] 
Figure 1-1: Schematics of cold-gas propulsion system. 
A liquid rocket propulsion system stores its propellant (fuel and oxidiser for a bipropellant 
system) in tanks and feeds this propellant to a combustion chamber, in which energy (heat) is 
released through a chemical reaction (Figure l-2a). In some cases, a single liquid reacts alone by 
chemical decomposition. This is called a monopropellant system (Figure 1-2b). [Humble95] 
Valve 
Thruster 
a b 
Figure 1-2: Schematics of liquid rocket engine: a) bipropellant; and b) monopropellant. 
In solid rocket propulsion system (Figure 1-3) mixed solid propellants are stored in combustion 
chamber. 
Solid Pro ellant 
Solid Pro ellant 
Figure 1-3: Schematics of solid rocket motor. 
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A hybrid rocket (Figure 1-4) stores propellant in two different states -liquid (or gas) and solid. 
Liquid Oxidiser Solid Fuel 
Figure 1·4: Schematics of hybrid rocket motor. 
An electrical rocket propulsion system uses electricity to accelerate a propellant. 
A resistojet (Figure 1-5) is the simplest of all electric propulsion devices, wherein electrical 
resistivity of material is used for heating gaseous (or liquid) propellant without its bulk ionisation. 
Cold 
Propellant 
--I-. 
Electric Heater 
---::~ ___ ... Hot 
Propellant 
Figure 1·5: Schematics of resistojet thruster. 
Density Isp is defined as: 
where Dsp - density Isp, s 
lsp - specific impulse, s 
Psp - specific gravity (@ STP), dimensionless. 
The higher is density Isp, the more compact the propulsion system might be. 
Catalyst - a substance that changes (here: accelerates) the rate of chemical reaction with itself 
undergoing no permanent chemical change. 
I·D, 2·D, 3·D - one-, two-, three-dimensional 
Inhibitor - an additive that retards or prevents chemical reaction. 
Green propellants - environmentally friendly propellants that contribute towards non-toxic 
propellants. These propellants are generally easier and safer to handle than conventional 
propellants, and are expected to drive down the costs associated with propellant transport and 
storage in spacecraft development and on-ground operations [ESTEC]. 
xiii 
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Chapter 1 
1 Introduction 
This chapter is divided In three sections: background, structure of thesis, and novel work 
undertaken. 
• The background section of this chapter starts with a review explaining the historical 
tendencies leading to the development of small satellites. The application of propulsion 
systems onboard small spacecraft is emphasised. The major constraints and requirements 
of small spacecraft propulsion are named and explained. Nitrous oxide propellant is 
suggested as one of the possible solutions. 
• Structure of thesis lays out the thesis framework. 
• Novel work undertaken explains the author's contribution to Mankind's knowledge. 
1.1 Background 
Small spacecraft propulsion IS a logical step in modern space exploration technology 
advancement. The necessity of its development is based on historical premises. 
Outstanding advancements in microelectronics achieved since 1960s have radically changed 
Mankind's lifestyle. It would be difficult to name the sphere of human activity that hasn't been 
affected. A remarkable progress has been achieved on spacecraft. Miniaturisation of electronic 
hardware has led to the development of inexpensive small satellite bus (Table 1-1) weighing only 
a few kilos. Similar tendency has been observed for satellite payloads and ground station 
equipment. Spin-off microelectronics - computer software has led to the development of 
advanced protocols for autonomous satellite operations that significantly reduce the satellite in-
orbit operations cost. All of these have been contributing towards the development and 
exploitation of low-cost small satellites. 
Table 1-1: UoSAT small satellite's classification. (The costs define "affordable access to space") 
Constraints Nano-satellite Micro-satellite Mini-satellite 
Propulsion Volume, L <1 7 50 
Power (orbit average), W 6 14 180 
Cost, £ 600,000 2,000,000-3,000,000 5,500,000 
Mass, kg 1-10 10-100 100-500 
1 
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On the other hand, the modern launchers restrict the amount of payload delivered to LEO to about 
maximum 100 tonnes and dictate the cost of >$lO,OOO/kg [JPL]. Often the launcher lifting 
capacity exceeds the mass of primary payload. Therefore, in the early days, dummy masses were 
placed within the payload fairing to inject the payload into a desired orbit. Later, when the 
advancements in microelectronics led to the development of small satellites that have taken the 
place of dummy masses. Since such "piggyback" rides may be offered "free-off-charge" or at 
reduced price, small satellites have become cost effective tools for space exploration and allowed 
"affordable access to space". 
While small satellites become more advanced the plans regarding their applications become more 
ambitious. Currently small satellites are used for remote sensing, communications, and science 
missions. Future applications will include small sateIIite constellations, proximity operations, and 
interplanetary missions. These missions imply access to a wide range of orbits. Meanwhile, this 
access is determined by available launch opportunities. The limited number of such opportunities 
restricts the variety of satellite orbits. Furthermore, a "piggyback rider" has to go to the same 
orbit as a primary payload. Thus, a number of affordable orbits is very limited for a small 
sateIIite with no propulsion on board. Therefore, a propulsion system is required for a small 
spacecraft to develop its capability for more ambitious missions by exploiting the availability of 
low-cost launches through expanding the variety of accessible orbits. 
Launched as a secondary payload, small spacecraft is a subject to unique constraints. As soon as 
it fits within a margin between total payload lifting capacity of the launcher and primary payload, 
its mass is of secondary importance for a "piggyback rider" because launch cost for small satellite 
is usually fixed (independent of spacecraft mass). Typically for heavy launchers (such as, for 
example, the Ariane family of launchers) with lifting capacity of several tonnes, a few extra kilos 
of auxiliary payload mass margin is only a fraction of percent of primary payload mass. This 
value is of the same magnitude as uncertainty of primary payload mass. At the same time this 
mass can comprise a whole spacecraft propulsion system or a small satellite. Unfortunately the 
similar logic cannot be applied for small sateIIite volume. This is because the space under the 
fairing is usually so tight that even the primary payload needs to be optimised to fit in. Hence, 
volume is often the most severe constraint for small spacecrafts due to the shortage of space 
available under the fairing. Therefore, small satellites are usually designed to be compact. Tight 
envelope, in turn, imposes constraints on small spacecraft subsystems such as propulsion and 
power. Since a propulsion system relies on power generated on board the spacecraft the last one 
also becomes another major constraint. Space limited, the existing power systems (typically using 
GalAs or Si solar arrays and Ni-Cd batteries) are capable of supplying small satellites with limited 
power. Deployable solar panels would increase the small satellite power budget as well as its 
complexity (Sun pointing, deployment mechanisms, etc.) and cost. Constrained by available 
2 
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space and power, small satellite propulsion systems are often limited by cost. This is a major 
constraint for small satellite propulsion, since it prevents using the latest high-performance 
technological achievements in the area. With application of modern, high-performance space 
propulsion technologies, the cost of a small spacecraft can be easily doubled, tripled, etc. For 
most of the small satellite missions this cost rise is unacceptable since it defeats the purpose of 
"affordable access to space". Low cost involves many different aspects such as: inexpensive 
propulsion system components, hardware and propellants; minimum labour; "safety overheads" 
and service, and limited testing. Expensive "safety overheads" are usually associated with 
application and handling of toxic, flammable, and explosive propellants. Flight qualification 
testing is a long and expensive process. Its cost can be easy comparable with the cost of whole 
small spacecraft or even a number of them. In this case, limited qualification testing is a 
compromise between spacecraft and its propulsion qualification costs. 
Along with the constraints, a small satellite propulsion system is a subject of common and unique 
requirements. A propulsion system must provide spacecraft with necessary propulsion functions 
to fulfil its mission. For near-Earth missions, propulsion functions required for a spacecraft are: 
• Attitude Control - keeping a spacecraft pointed to the desired direction. 
• Orbit Maintenance (station-keeping) - keeping a spacecraft in the desired mission orbit. 
• Orbit Manoeuvring - moving a space vehicle to another desired orbit. 
Future interplanetary and rendezvous missions require additional propulsion functions: 
• Landing to the celestial body surface (for example, landers, rovers, and probes). 
• Launch from celestial body surface (for example, sample return mission). 
Propulsion systems are expected to deliver high performance, and remain reliable throughout their 
mission. It should be easy to integrate into a spacecraft, service and maintain. Often a small 
satellite has already been built and "waits" for suitable launch opportunities, or during its 
production it is reassigned to another launch. Therefore, it is desirable that small satellite 
propulsion system be flexible to cope with changes in the mission scenario. 
In the case when multiple propulsion functions have to be covered for a small spacecraft, another 
important issue arises. The propulsion dry mass fraction for a spacecraft grows at scaling-down. 
For small spacecraft, it can easily exceed 85% (Figure 1-1) for single-mode propulsion. In such a 
case, a combination of independent single-mode propUlsion systems would aggravate the situation 
since their dry masses add. Thus, specific impulse is not a factor reflecting small satellite 
propulsion system performance since spacecraft velocity change is a function of propUlsion dry 
mass fraction as well. This trade will be given further consideration in section 3.4.1 of this thesis. 
Analysing the above requirements and constraints, features of advanced, low-cost propulsion 
system design for small satellite can be envisioned. At first, feasible propulsion technologies 
3 
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must be identified. Since the majority of upcoming future missions imply deployment of small 
satellites in Earth orbit below 800-km their propulsion system must provide thrust sufficient for 
atmospheric drag compensation at low power consumption. Present technologies suitable for 
such missions are cold-gas, electrothermal, and chemical propulsion. 
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Once the technologies have been identified, the choice of appropriate propellant(s) is of primary 
importance for propulsion system design. It is implied by propulsion requirements stated earlier, 
the propellants in use onboard the spacecraft must support all necessary propulsion functions. 
Since propellants require separate storage and feed systems, it is desirable to have as few of them 
on board the spacecraft as possible for system design simplification and propulsion system mass 
reduction. In this case, a single propellant onboard serving all spacecraft propUlsion functions 
would be ideal. At the same time, the propellant's thermodynamic properties must make high 
specific impulse performance achievable. Propellant(s) must be storable onboard spacecraft. 
Application of dense propellants onboard a small satellite is advantageous for compact propulsion 
system. Tensile stresses in a small size pressure vessel wall are much smaller than the strength of 
its construction material. This is why a thin-wall, small pressure vessel is able to withstand high 
pressure. Therefore, until pressure-induced tensile stresses become the same order of magnitude 
as material strength, a small satellite propellant tank mass is usually "not sensitive" to pressure 
rise. In this situation, application of self-pressurising propellants on board is superior over use of 
propellant expulsion system because it decreases the complexity and mass of a propulsion system. 
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Application of lower strength and lighter construction materials can also be considered in the 
design of small size pressure vessel. 
Application of non-toxic, non-flammable, non-explosive, and compatible propellant leads to 
inexpensive design, and further, to low overall cost of a propulsion system. Propellant itself must 
be inexpensive. 
Table 1-2: Storable liquid and gaseous propellants. 
Propellant Functions Performance .... Density = .... .... .... Cost 
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Hydrazine Monopropellant Y High N N N AI,55, High 
Resistojet High Teflon, Kel-F 
Fuel 
Monomethyl Fuel High Y Moderate N N N AI,55, High 
Hydrazine Teflon, Kel-F 
Unsymmetrical Fuel High Y Moderate N N N AI,55, High 
dimethyl Teflon, Kel-F 
hydrazine 
Kerosene Fuel High Y Moderate N Y N AI, steel, Low 
Ni, Cu, 
Teflon, 
Kel-F 
Nitrogen Oxidiser High Y High N N Y AI,55, Ni, High 
Tetroxide Teflon 
Nitrogen Cold-gas Low Y Low Y Y Y everything Low 
Resistojet Moderate 
Hydrogen Monopropellant Moderate Y High N Y Y AI,55, Low 
Peroxide Oxidiser High Kel-F 
Nitrous oxide Cold-gas Low Y Moderate Y Y Y everything Low 
Monopropellant Moderate 
Oxidiser High 
Resistoiet Moderate 
As emphasised above, the propellant(s) selection is critical for advanced small satellite propulsion 
system design. Furthermore, the requirements for a small satellite propellant (multi-functional, 
high performance, storable, dense, self-pressurising, non-toxic, non-flammable, non-explosive, 
compatible, and inexpensive) are quite demanding. At present there is no conventional storable 
liquid or gaseous propellant that fits these requirements (see Table 1-2). Conventional hydrazine-
based propellants along with nitrogen tetroxide are capable of delivering high performance, but 
are toxic and flammable (except NZ0 4). The costs for hydrazine-based propellants range from 
£50/kg to £lOO/kg depending on purity. However, the highest expense associated with 
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applications of these propellants for small satellites is in propellant handling. According to 
SSTL's mission analysis group, the cost of 100kg spacecraft loading with 70kg of N20JN2H4 
propellants at Kourou, French Guiana, quoted for LUNARSAT project is £70,000. Kerosene is 
high performance, low-cost (-£0. l/kg) , easily available, non-toxic, but flammable, single-
functional propellant. Hydrogen peroxide is a dual-functional, non-toxic, non-flammable, and 
low-cost (£3-S/kg, according to Degussa-huls [Degussa] propellant. All of the propellants 
mentioned above in this paragraph require, however, an expulsion system. Nitrogen gas is a dual-
functional, self-pressurising, non-toxic, non-flammable, compatible, and low-cost (-£l.S/kg 
according to BOC), but low performance and low-density propellant. Therefore, none of the 
propellants above fit the description. 
After careful consideration of properties for a number of physical substances, the author 
determined that liquefied gases fit the profile the most. The further search identified nitrous oxide 
as a propellant for small satellites. The arguments in favour of this option are discussed in section 
3.4. 
The idea of finding a propellant most suitable for a small satellite was the original incentive for 
the research presented below. This thesis introduces nitrous oxide as a multi-purpose propellant 
for small satellites. 
1.2 Structure of Thesis 
The content of this thesis is presented in eight chapters. 
• Chapter two gives the scope and background information necessary for understanding the rest 
of the thesis. It includes: a short review of the propulsion technology options; a review 
providing the background information on nitrous oxide; a review covering the previous 
experience in nitrous oxide propulsion; and research programme 
• Chapter three explains why the suggested system is feasible and advantageous for small 
satellite applications. It is divided in five main sections. The first section of this chapter 
draws prospective for nitrous oxide applications for small satellites. The second section 
describes aspects and assesses possibility of nitrous oxide storage onboard the spacecraft. 
The third section discusses the feasibility of self-pressurising nitrous oxide feed-system. 
Performance comparison section consists of: selection criteria; cold-gas; monopropellants; 
resistojets; bipropellants; and multi-mode propulsion system sub-sections. A conclusion of 
this section emphasises the advantages and benefits of nitrous oxide multi-mode concept for 
small satellite applications. Conclusions made in the last section of the chapter define what 
needs to be done to make multi-mode concept feasible. 
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• Chapter four introduces nitrous oxide monopropellant thruster concept. The chapter's sub-
sections explain its operation principle and provide the theoretical background for its analysis 
that consists of four parts: thermodynamic, thermal, hydraulic, and stress analysis. The last 
section of this chapter concludes that the nitrous oxide monopropellant thruster can be 
modelled. 
• Chapter five describes the approach taken for nitrous oxide catalytic decomposition research. 
Four following sections: test apparatus; test set-up; equipment and instrumentation; 
measurements; and test procedure describe the research effort. The chapter conclusion states 
that the effort led to the results presented in the next chapter. 
• Chapter six reports the research achievements. It is divided in 7 parts: proof-of-concept; feed 
system; decomposer; decomposition; challenges; modelling, and conclusions. The chapter 
conclusions summarise the monopropellant thruster research achievements. 
• Chapter seven gives the authors recommendations regarding the future work in the area. 
• Chapter eight summarises the research program results and values author's academic 
contribution to Mankind's knowledge. 
1.3 Novel Work Undertaken 
The first ever research on nitrous oxide as a propellant for small satellite applications started at 
UniS by Timothy Lawrence in 1997. However, that research concentrated primarily on 
investigation into low-cost resistojets. Nitrous oxide was one of the six propellant options 
considered for the resistojet [Lawrence98]. 
That experience was later acquired and implemented by the author of this thesis into his 
innovative, multi-mode small satellite propulsion concept. This novel concept puts the main 
emphasis on nitrous oxide as a propellant for small satellite applications. Therefore, the previous 
resistojet research is included in it as a part. This novel, multi-mode propulsion concept is based 
on innovative technique for nitrous oxide catalytic decomposition suggested by the author. The 
main attention of the current research is paid to initiation and control over self-sustaining catalytic 
decomposition of nitrous oxide because this is a key-technology to future monopropellant and 
bipropellant thrusters restartable in orbit. The significant progress has been achieved in the area. 
However, the current research has only been able to "scratch the surface" of the problem that 
require the further efforts in order to acquire the accurate description and full understanding of the 
observed phenomena. 
Overall, the research presented in this thesis contains a number of novelties, the firsts, in the area 
of small satellite propulsion - a part of space propulsion in general. 
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• The classical form of the ideal rocket equation (L1V = f(l,p,M;,Mj )) was changed for the one 
using [",p, m" and hd variables. The new form of ideal rocket equation is convenient for 
propulsion system design-performance trades. Propellant storage specific volume (V,p) is 
introduced to reflect the propulsion system perfection in storing propellant(s). (section 3.4.1) 
• Innovative propulsion concept using nitrous oxide as a multi-functional propellant for small 
spacecraft was suggested. (sections 3.1 and 3.4.6) 
• For the first time, nitrous oxide catalytic decomposition was suggested for space applications. 
(Chapter 4) 
• The small nozzle performance modelling (section 4.2.2.1) led to the derivation of Equation 
4-13 - a new form of momentum thrust equation. This equation gives the true insight into the 
role both the flow friction losses and chamber pressure play in nozzle thrust performance. 
• The first time pure nitrous oxide was decomposed by automotive catalyst. Before, the 
catalyst decomposed only nitrous oxide "diluted" by helium or argon gas to simulate car 
exhaust conditions, and also to avoid excessive decomposition temperatures. (section 6.1) 
• Nitrous oxide catalytic decomposition technique was applied into novel, restartable 
monopropellant. (section 6.1) 
• Nitrous oxide catalytic decomposition technique was, first, applied into bipropellant. (section 
6.1) 
• First ever loading factors for nitrous oxide catalyst pack were published. (section 6.3) 
• For the first time the equation for self-sustaining catalytic decomposition temperature as a 
function of nitrous oxide mass flow rate (Equation 6-5) was published. (section 6.4.1) 
• First ever model for nitrous oxide monopropellant thruster performance and design features 
prediction was developed. (section 6.6) 
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Chapter 2 
2 Literature Review 
This chapter gives the scope and background information necessary for understanding the rest of the 
chapters. It is divided in four main sections. 
• A short review of the propulsion technology options 
• A review providing the background information on nitrous oxide 
• A review covering the previous experience in nitrous oxide propulsion 
• A research programme 
2.1 Small Satellite Propulsion Technology Options 
Aware of the constraints and requirements, suitability of modern space technologies for small 
spacecraft propulsion can be assessed. Due to its low cost and power requirement cold-gas 
propulsion is currently one of the few technologies used on small satellites. However, its low 
specific impulse performance (typically 60s in the case of nitrogen gas) aggravated by severe 
volume constraint (propulsion envelope volume of about 7 litres (see Figure 2-1», limits the range 
of typical «75kg) micro-satellite orbital transfer manoeuvres to approximately 5m1s. In the case 
when propellant mass is of secondary importance, application of denser liquefied gases (such as, for 
example, ammonia) may increase the total spacecraft velocity change up to 4 times that of nitrogen 
(for the same propellant volume). This performance improvement comes along with a few 
difficulties. Countermeasures against the liquid sloshing inside the propellant tank must be 
undertaken. Additional heat is required to compensate for the phase change (latent heat or heat of 
vaporisation). Total spacecraft velocity change provided by cold-gas propulsion may, however, still 
be not enough for the missions involving any significant orbit change. The further increase in 
spacecraft velocity change requires significant gain in specific impulse performance. Conventional 
hydrazine-based propulsion technologies are capable of providing such a gain. However, the toxic 
and flammable propellants involved require significant "safety overheads". Liquid rocket engines 
using non-toxic, storable propellants are a viable option for small satellite propulsion. However, the 
development of such alternative technologies had been abandoned in the past [Becklake90, Clark72, 
Harlow99, Wernimont99]. The revival of interest to these technologies has recently begun 
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[Anderson98, Anderson99, CoxhillOl, Funk99, Meade99, Morlan98, Wemimont99]. Solid rocket 
motors have elaborate requirements for safety and handling that increase their life-cycle costs. In 
addition, the "single-shot" nature of solids makes them inconvenient for multi-thrust missions. This 
situation may, however, be changed, since MEMS Digital Micro-Propulsion thruster capable of 
multiple firings was recently tested in orbit by TRW company [SOOI]. Hybrid rocket motors using 
non-toxic propellants may become low-cost propulsion technology for small satellites. Recent 
revival of interest in this propulsion technology is mainly due to its low safety expense, which is 
expected to decrease the total system cost [Bettner98, Humble95, Sellers96]. There is, however, a 
hidden expense associated with scaling and qualification firing, since hybrid rocket motors must be 
scaled not only for thrust but also for total impulse. Motor performance change during the bum is 
one of the major drawbacks of these systems [Humble95]. High performance off-the-shelf 
electrostatic and electromagnetic propulsion would be a favourable choice for a small spacecraft, 
however they have high power demanding requirements (> WOW) [Akimov98, Arhipov98, Kim98, 
Khodnenk097]. Scaling-down of these systems «150W) reduces their efficiency (Table 2-1). Due 
to their low thrust levels these systems would struggle to compensate against atmospheric drag if 
deployed in LEO. Electrothermal systems are feasible since their thrusts are higher and power 
requirements are lower [Lawrence98]. However, total power available and the choice of working 
fluids both are critical to spacecraft integration and will be addressed later in this thesis (section 
3.4.4). 
~ 
I 1< Propulsion 
envelope 
~~ 
Figure 2-1: UoSA T micro-satellite platform propulsion envelope. 
Table 2-1: Performance of low-power (<150W), prospective electrostatic, electromagnetic, and current 
electrothermal propulsion technologies. 
Technology Specific Impulse Efficiency Thrust Reference 
s % mN 
PPT 1000 15-30 2 Timothy Lawrence 
SPT 700-800 25-40 5-6 Akimov98, Arhipov98, Kim98, 
Timothy Lawrence 
Ion engine 3100-3700 50-60 1-5 Akimov98 
Resistojets 120-180 --- 140 Lawrence98, LawrenceOO 
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Overall, it can be concluded that due to its unique constraints and requirements small satellite 
propulsion is a challenging area. Because of these constraints and requirements, high performance 
conventional propulsion technologies cannot be applied for small spacecraft. Cold-gas and 
electrothermal propulsion technologies used for small satellites at present can support only small 
spacecraft velocity change manoeuvres. Therefore new, low-cost solutions are needed to promote 
small spacecraft propulsion for more ambitious missions. 
The author of this thesis suggests the nitrous oxide option as an advantageous propulsion 
technology. Before this propulsion option is considered in the following chapters, the background 
information regarding nitrous oxide is given in the next section to help understanding the specifics 
of its application. 
2.2 Nitrous Oxide Background 
This section provides the information about nitrous oxide useful and necessary for understanding the 
following chapters. 
2.2.1 History 
Nitrous oxide was first discovered and prepared in 1793 by an English scientist and clergyman 
named Joseph Priestley. To prepare nitrous oxide, Priestley heated ammonium nitrate in the 
presence of iron filings, and then passed the gas through water to remove toxic by-products, before 
storing the resultant gas, nitrous oxide. Following Priestley's work came the study of Humphrey 
Davy of the Pneumatic Institute, Bristol, England. Davy experimented with the gas' physiologic 
properties such as respiration and uptake. Further, he administered the gas to society visitors of the 
institute and later coined the term "laughing gas" after watching the effects on people who inhaled it. 
For the next 40 years or so, nitrous oxide's primary use was for one of recreational enjoyment 
(nitrous oxide capers) and public show. In the early 1840's nitrous oxide found its place in clinical 
dentistry and medicine as an anaesthetic [DentalDigest]. 
2.2.2 Manufacture 
Nitrous oxide is produced by heating ammonium nitrate crystals (chloride free) to approximately 
240-250°C. 
Equation 2-1 
The resultant gas in then chemically scrubbed to achieve approximately 99.5% purity, compressed 
(-50 atmospheres) to a liquid form, and dispensed in pressurised tanks [Daintith96J. 
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The industrial manufacture of nitrous oxide is essentially a scale-up of the well-known laboratory 
method described above [Trotman73). 
Ammonium nitrate is highly explosive and, consequently various precautions are taken to reduce or 
preferably eliminate the possibility of detonation during the decomposition process. For this 
purpose, a catalyst can be employed, or process can be controlled by leading a concentrated aqueous 
ammonium nitrate solution into a reactor at 275°C [Trotman73]. 
Nitrous oxide may also be obtained by controlled reduction of nitrites or nitrates, by the 
decomposition of hyponitrites, and by the thermal decomposition of hydroxylamine [Matheson 80, 
Trotman73). 
2.2.3 Structure and Bonding 
Much of the early work on the physical properties of nitrous oxide was directed towards a solution 
of the question whether the molecule is symmetrical. It is now accepted to be unsymmetrical, NNO 
and linear (Figure 2-2) [Mellor67]. 
N 1.129A N 1.ISsA 0 
Figure 2-2: Nitrous oxide molecular structure [Cotton88]. 
The crystal structure of N20 and CO2 are so similar that their shapes were erroneously considered to 
be the same. Early diffraction data clearly indicated that N20 was linear, but the atoms could not be 
individually located because the scattering power of nitrogen and oxygen are very similar. 
Furthermore, now the asymmetrical NNO structure has been confirmed by a variety of spectroscopic 
methods, the X-ray and neutron diffraction studies are consistent with a disordered structure in that 
N20 molecules are randomly oriented NNO and ONN. Further evidence for this disorder is given 
by the extrapolated entropy of N20 at OK being 1.14e.u. close to the calculated value R In2 = 1.38 
for random orientation rather than zero for a perfectly ordered crystal [Trotman73). 
2.2.4 Properties 
Information regarding different properties of nitrous oxide can be found in the following reference 
literature [AL76, Barin89, BOC, COA, Cotton88, CRC94, CRC96, DentalDigest, Driesbach61, 
H088, Horvarth75, Goeman98, JANNAF71, JANNAF85, LB67, Matheson66, Matheson80, 
Mellor67, Daintith96, Pascal56, Perry97, Walas85]. 
Nitrous oxide is a colourless, non-flammable, non-toxic, liquefied gas with a slightly sweet taste and 
odour [DentaIDigest, Matheson80). Nitrous oxide is made up of two parts nitrogen and one part 
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oxygen (36% oxygen by weight). It is soluble in water, ethanol, and sulphuric acid. Nitrous oxide 
diffuses very rapidly. In fact, it diffuses more rapidly than many other gases such as nitrogen 
[DentalDigest]. 
Nitrous oxide IS stable and comparatively unreactive at ordinary temperatures, e.g. to ozone, 
hydrogen, the halogens, the alkali metals, etc. It is decomposed by heating above 520°C 
[Daintith96] to nitrogen and oxygen, the rate of decomposition being appreciable at about (565°C 
[Matheson66]) 600°C [Matheson SO]. This decomposition reaction can be accelerated by catalyst. 
Chemical composition of the decomposition products (36.3%02 + 63.7%N2) is akin to that of air. 
At elevated temperatures nitrous oxide supports combustion and oxidises certain organic 
compounds, the alkali metals, etc. [MathesonSO]. 
Nitrous oxide is non-toxic and non-irritating. It is rather weak anaesthetic and must be inhaled in 
high concentrations, mixed with air or oxygen. When inhaled without oxygen, it is a simple 
asphyxiant. Inhalation of small amounts often produces a type of hysteria [MathesonSO]. 
Nitrous oxide is non-corrosive and may be used with common structural materials [MathesonSO]. 
2.2.5 Decomposition 
Nitrous oxide is reported be decomposed in a few different ways: thermally, catalytically, and 
photochemically. The decomposition of nitrous oxide by alpha particles, electric discharge, and 
cathode rays has also been investigated [Mellor67]. 
It might be expected that the decomposition of a simple molecule such as nitrous oxide would 
require little discussion. In the past, however, there had been a lot of debate regarding the 
mechanism of the decomposition process [Mellor67]. 
There has been much research on nitrous oxide decomposition, both in the absence, and in the 
presence, of a catalyst [Amphlett50, Batta62, Chang95, Ciambelli9S, Cimin066, Cimin069, 
Cimin070, Cirnino72, Clark70, Cormack70, Dandekar99, Egerton70, EleyS5, FuSl, Gay70, 
Goeman9S, Halladay73, Hashimot09S, Hinshelwood24, Hunter34, Kapteijn97, Keenan66, 
KleppingSl, Krylov70, Larsen9S, LegliseS4, Li92, Mellor67, Morterra9S, Redmond67, Read73, 
Roman97, Perez-Remfrez99, Sundararajan9l, Tanaka67, Thomson6S, Trapne1l55, Turek9S, Vijh73, 
Volpe67, Weinberg73, Winter69, Winter70, Xie99, Yakovlev99, Yuzaki9S, Zeng96]. 
Initial research had a purely scientific focus. However, the focus has recently shifted to practical 
application of the obtained experience in automotive catalytic converters. 
Thermal decomposition [Halladay73, Hinshelwood24, Hunter34] of nitrous oxide results in 
formation of the elements at an appreciable rate in the temperature range 5S5-S50°C by a 
unimolecular process involving the fission of the weaker bond: 
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Equation 2-2 
At standard conditions the activation energy barrier for the reaction initiation is about 250-
270kJ/mole [Atkins97, Goeman98, Kapteijn97, Trotman73]. The amount of heat released (at 
standard conditions) in this exothermic reaction is -82kJ/mole [Atkins97, Goeman98, JANNAF71]. 
In comparison, hydrazine decomposition delivers -50kJ/mole of heat [JANNAF71]. 
Catalytic decomposition of nitrous oxide is, as implied, dependent on the use of catalyst - a 
substance that changes (here: accelerates) the rate of chemical reaction with itself undergoing no 
permanent chemical change. 
Photochemical decomposition of nitrous oxide naturally occurs in the upper stratosphere under 
ultra-violet radiation. 
2.2.5.1 Catalysts 
A catalyst lowers the activation energy barrier, and thus the decomposition occurs at much lower 
temperatures. Figure 2-3 illustrates the advantage of catalytic over thermal decomposition. In the 
case of catalytic decomposition lower heat input is required. 
i Thermal decomposition 
>- E a - 250kJlmo/ 
C) 
... 
CD 
C 
CD 
m ;: 
c 
CD 
-~~--~----------~~~r 
Reactants 
~ HO r -B2kJlmo/ 
Original path 
Catalysed path 
Products 
I I 
Progress of reaction > 
Figure 2-3: Nitrous oxide decomposition. (Ea - activation energy; &l or - reaction enthalpy) 
A catalyst is homogeneous if it is in the same physical state (here: gas), or heterogeneous if it is in 
the different physical state (here: solid). 
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A generic, detailed review covering nitrous oxide decomposition catalysts is provided by Kapteijn 
[Kapteijn97] . 
Catalysts for homogeneous decomposition of nitrous oxide are also reported by Musgrave 
[Mellor67, Musgrave32J. 
Many heterogeneous catalysts have been reported. They include supported and unsupported metals, 
pure and mixed oxides, and zeolitic systems [Kapteijn97]. 
Information regarding nitrous oxide decomposition by metals can be found in [Amphlett50, Eley85, 
Kapteijn97, Klepping81, Redmond67, Thomson68, Weinberg73]. 
The other catalysts are covered in the following publications [Amphlett50, Batta62, Chang95, 
Ciambelli98, Cimin066, Cimin069, Cimin070, Cimino72, Cormack70, Dandekar99, Egerton70, 
Fu81, Gay70, Goeman98, Hashimot098, Kapteijn97, Keenan66, Larsen98, Leglise84, Li92, 
Morterra98, Read73, Roman97, Perez-Rernfrez99, Sundararajan91, Tanaka67, Turek98, Vijh73, 
Volpe67, Winter69, Winter70, Xie99, Yakovlev99, Yuzaki98, Zeng96]. 
Textbooks on catalysis and chemisorption often give nitrous oxide decomposition as an example 
followed by a list of metal oxide catalysts [Clark70, Krylov70, Thomson68, Trapne1l55]. It is 
generally accepted that catalytic activity of metal oxides (semiconductors) in nitrous oxide 
decomposition depends on their conductivity type (p-type, n-type, and neutral). P-type 
semiconductors reportedly appear to be the most active in nitrous oxide decomposition followed by 
insulators, and n-type semiconductors, respectively. 
p-type oxides> insulator oxides> n-type oxides 
According to Krylov [Krylov70], the mechanism of decomposition reaction is as follows: 
N20 -7 N2 + O· + p (fast) 
20· + 2p -7 O2 (slow) 
where p is the symbol for a hole. In the limiting step of the reaction - the desorption of 
oxygen - the reaction of 0 . with free holes occurs. 
According to Dell et al [Krylov70], the limiting step of this reaction is 
which also proceeds with participation of free holes of the semiconductor. 
On the whole, nitrous oxide decomposition on metal catalysts was studied in the temperature range 
of 450°C-1200°C, and at nitrous oxide partial pressure varying from O.OOOlbar to 70bar, while for 
the other catalysts the range was 200°C-825°C, at nitrous oxide partial pressure varying from 
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O.000078bar to Ibar. Activation energies as low as 30 kllmole are reported. Batch, flow and pulse 
reactors were used for testing [Kapteijn97]. 
Recently nitrous oxide catalysts have been intensively studied with the aim of reducing emission 
associated with stratospheric ozone depletion and greenhouse effect of this gas [Goeman98, 
Larsen98, Li92, Kapteijn97, Roman97, Zeng96]. 
2.2.6 Shipping and storage 
Nitrous oxide is classified by the U.S. Department of Transportation as a non-flammable, 
compressed gas and is shipped with the required "Green Label" [Matheson80]. The colour of the 
nitrous oxide tank is blue for universal identification (Figure 5-7). 
When in a pressurised tank, it exists in two forms, liquid and gas. At room temperature the pressure 
of a full tank, regardless of size, will read approximately 52bar. Since nitrous oxide is a liquefied 
gas, the pressure will remain constant as long as any liquid remains in the tank. When the tank has 
been used to the point where a liquid phase no longer exists (after approximately 75% to 80% 
consumption), then the pressure will start to drop. 
Above its critical temperature 36.5°C, nitrous oxide will convert completely to a gas and the 
discharge of the tank content will show a steady drop in pressure [Matheson80]. 
Pressure of gaseous nitrous oxide can be calculated by BWR equation of state within temperature 
range from -30°C to 150°C, for densities up to 900kglm3, and maximum pressure of 200bar 
[Walas85]: 
Equation 2-3 
where P - gas pressure, atm 
R - universal gas constant R=O.08206 atmLlmollK 
p- gas density, molelL 
T - gas temperature, K 
Ao, Bo, Co, a, b, c, a, y- gas constants of equation (see Appendix A) 
Chilling the tank lowers the pressure dramatically and will also lower a sustainable flow rate of the 
nitrous oxide (Figure 2-4). 
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2.2.7 Uses 
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Figure 2-4: Nitrous oxide vapour pressure. 
Nitrous oxide is used chiefly as an anaesthetic in medicine [DentaIDigest, Matheson80] and as a 
dispersing agent in cream whippers [Matheson80]. In the motor racing industry, nitrous oxide 
injection into an internal combustion engine is used to increase its power output [CDS99, NOS99, 
RaceSearch99, CARS97, JH97]. 
Space-related uses of nitrous oxide are given in section 2.3. 
2.2.8 Environmental Impact 
Recent concern regarding global warming and ozone layer depletion includes nitrous oxide 
[NGHS97, Houghton94, ThOGHE, GE095, SDOO, Shindell99, OD97, AOSS304, EPA95]. 
Nitrous oxide is defined as a minor greenhouse gas [Houghton94]. According to different sources, 
its current concentration in the atmosphere of about 0.30-0.31 ppmv is rising at about 0.2-0.3% per 
year and is about 8-15% greater than pre-industrial times [NGHS97, Houghton94, ThOGHE]. 
Although nitrous oxide gas is not listed among ozone depletion substances [EPA95], in the 
stratosphere it is the principal source of NOx responsible for ozone depletion [OD97, AOSS304]. 
The total anthropogenic contribution is estimated at 4.7 -8Mton per year, compared to a natural 
source of 18Mton/year. Nitrous oxide, unlike NOx, is very unreactive at room temperatures - it has 
an atmospheric lifetime of more than 150 years - it reaches the stratosphere, where most of it is 
converted to nitrogen and oxygen by ultra-violet photolysis. However, a small fraction of the 
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nitrous oxide that reaches the stratosphere decomposes, in spite of both its contradiction of the spin 
conservation rule and unfavourable energy requirements, by the following reaction equation: 
Equation 2-4 
with formation of nitric oxide, or reacts instead with oxygen atoms (to be precise, with the very rare 
electronically excited singlet-D oxygen atoms). 
This is the major natural source of NOx in the stratosphere; about 1.2 million tons are produced each 
year in this way [Kapteijn97, OD97, AOSS304]. 
Currently the sources, which are leading to the nitrous oxide increase, are not well identified 
although the industry (for example, nylon production, fossil fuels), deforestation and agricultural 
practices (burning of vegetation, fertilisers, etc.) all play some part [Houghton94, ThOGHE, 
NGHS97]. 
Although nitrous oxide is a green gas recognised also as a substance indirectly contributing to ozone 
layer depletion, according to the author's analysis, it is unlikely to present environmental hazard 
when used for space applications. The author's arguments in favour of the above statement are the 
following: 
• Nitrous oxide has been recently identified by European Space Agency as a "green 
propellant" [ESTEC]. 
• Released in earth's orbit of above lOOkm (ionosphere) nitrous oxide is most likely to be 
ionised rather than remain stable. Therefore, it is unlikely to contribute to global warming. 
It is also very unlikely that it will reach stratosphere (altitude of 40km) where ozone 
depletion occurs. 
• Nitrous oxide is currently not on the list of ozone depletion substances provided by the 
United States Environmental Protection Agency [EPA95]. 
• Nitrous oxide decomposition technique described in this thesis ensures against its release in 
orbit. 
• Nitrous oxide has already been flown on Surrey Space Centre's UoSAT-12 mini-satellite in 
1999, and there was no concern regarding the environmental hazard issue from space 
authorities. 
All of the above makes the author believe that environmental impact imposed by release of nitrous 
oxide in earth's orbit is not a concern at present. If it happens to become one, then the impact has to 
be studied and assessed quantitatively by competent experts. 
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2.3 Previous experience 
Although the application of nitrous oxide for space propulsion may sound unusual, it was employed 
as a propellant starting from the early days of rocketry. Unfortunately the early records on the 
subject are rather scarce not only because of their age but also because of the restrictions associated 
with military applications of the research. According to these records, three major propulsion 
concepts (hybrid rocket motor, bipropellant and monopropellant liquid rocket engines) employing 
nitrous oxide were first investigated in Germany. In 1937, Leonid Andrussow, ex-Russian World 
War I cavalry officer working for I.G. Farben, along with O. Lutz and W. Noeggerath, tested a 
hybrid using coal and gaseous nitrous oxide [Humble95]. During the test the motor delivered lO-kN 
thrust for 120s [SpaceDev]. However, carbon's high heat of sublimation resulted in a negligible 
burning rate [Humble95]. A small motor Hecht used nitrous oxide as an oxidiser in combination 
with aqueous methyl alcohol (28% methanol) fuel [Noeggerath]. It was intended for military 
applications. However, the motor was never used in a weapon due to two main objections. The first 
one is its high vapour pressure and the fact that its critical temperature (36.5°C) is in the possible 
operating range. The oxidi'ser tank would, therefore, have to be of robust design. The second one is 
the narcotic action of nitrous oxide. In combat, leaks or rupture of containers in a confined space 
could be a very grave risk since the gas is not easily detected by smell. A monopropellant using 
liquid mixture of ammonia and nitrous oxide was found to be too sensitive [Ewing45]. For these 
reasons the efforts were abandoned. 
Later, application of the higher performance, conventional propellants (such as hydrazine, MMH, 
UDMH, NTO, LOX, RP, liquid hydrogen, etc.) for rocket propulsion eradicated the need for further 
investigation of nitrous oxide option. 
Out of the consideration for the official rocket business, nitrous oxide has remained a popular 
oxidiser for amateur rocketry in combination with solid (polypropylene, HTPB, asphalt, etc.) and 
liquid (alcohols, etc.) fuels [AIIR, Fink98, FOL97, LR-5, RATT]. 
A revival of interest to the green propellants, that expected to reduce the cost of payload delivery to 
the orbit, motivated to reevaluation of the nitrous oxide option. Throughout its existence (1985-
1995) American Rocket Company (AMROC) completed 31 test firings of its hybrid rocket motors 
using nitrous oxide as an oxidiser [SpaceDev]. Inherited the AMROC's experience, SpaceDev 
company at present develops hybrid rocket propulsion systems for orbital manoeuvring and transfer 
vehicles using nitrous oxide/PMMA [SpaceDev). 
Liquid rocket engines also experience recent revival of the interest to nitrous oxide as an oxidiser. 
The performance evaluation of nitrous oxide/propane liquid rocket engine is currently under way at 
University of Alabama (Huntsville) [SmithOO, TiliakosOl). 
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(Germany-u.K.) with intention to produce catalysts for use III automotive catalytic converters 
[Goeman98]. 
Appreciation of the unique properties of nitrous oxide as a propellant led to the development of 
multi-mode concept for the advanced small satellite propulsion (see chapter 3). 
Combination of these premises (Surrey's previous experience in nitrous oxide electrothermal 
propulsion (in particular, self-sustaining decomposition observation), the suggested by the author 
catalytic decomposition option, the available decomposition catalyst technology, and the suggested 
by the author multi-mode propulsion option) is a foundation for the research presented in this thesis. 
The initial effort was developed into a research programme. 
2.4 Programme 
The current programme was intended for three-year Ph.D. research. It concentrates primarily on 
application of nitrous oxide for advanced small satellite propulsion. The main purpose of the 
research is an investigation to the suggested novel technology for nitrous oxide decomposition for 
future application in monopropellant thruster. This technology should provide higher total 
spacecraft velocity change performance compared to traditional cold-gas propulsion systems used 
on small satellites. 
The general objectives of the research were to: 
• Investigate the advantages for application of nitrous oxide as a propellant on board small 
spacecraft and its feasibility. 
• Provide the insight into the limits specific to thruster design for a small spacecraft. 
• Prove the feasibility of the suggested concept of nitrous oxide catalytic decomposition for space 
propulsion. 
• Obtain practical experience regarding nitrous oxide catalytic and self-sustaining decomposition 
needed for the development of experimental monopropellant thrusters. 
• Based on the experience give recommendations regarding the further research in the area. 
To achieve these goals the research was divided in two interactive parts, theoretical and practical, 
that can be performed in parallel. 
The theoretical part included: 
• Literature search for the background information regarding nitrous oxide, its applications, etc. 
• Identification of possible space applications for this propulsion option. 
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• Analytical work regarding propulsion system performance comparison. 
• Development of nitrous oxide multi-mode propulsion and monopropellant thruster concepts. 
• Investigation into small satellite propulsion constraints and specifics of small chemical thruster 
design. 
• Description of the processes inside nitrous oxide monopropellant thruster 
• Experimental data analysis. 
The practical part comprised: 
• Thruster design 
• Development of test rig for nitrous oxide decomposition research 
• Building of related acquisition and measurement techniques 
• Development of test procedures 
• Testing 
• Collection and processing of the test data 
The interaction between these two parts was primarily in the areas of thruster design and test data 
analysis. The models were used to predict the thruster performance, while the results obtained 
during testing were used for the improvement of analytical models, thruster design, etc. 
The major effort concentrated on investigation of conditions leading to nitrous oxide self-sustaining 
catalytic decomposition. This comprised: 
• Proof-of-the-concept of nitrous oxide catalytic decomposition 
• Repeatable restarts from hot and cold with the same catalyst 
• Investigation in: 
o the thruster construction materials 
o the catalyst materials 
o the catalytic wire (heater) materials 
o supported nitrous oxide mass flow rates 
o catalytic pack and thruster geometries 
o catalyst life-time 
The final goal was to approach choked design for sea-level nitrous oxide monopropellant thruster 
prototype, as well as identify main design parameters of the flight thruster. 
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2.5 Conclusions 
The review of the status of conventional propulsion technology options revealed that none of them 
are currently suitable for application on advanced small satellites. For this reason nitrous oxide was 
introduced as a rocket propellant advantageous for smaIl satellite propulsion. This liquefied gas has 
unique properties, and was previously employed as a rocket propellant. Although the earlier 
applications of nitrous oxide in a variety of propulsion concepts (hybrid rocket motor, liquid rocket 
engine, cold-gas thruster, resistojet, and mixed monopropellant) it was never used before as a 
monopropellant. Recent achievements in decomposition catalysts for automotive industry supported 
the development of novel nitrous oxide monopropellant thruster concept suggested by the author. 
This concept is a part of nitrous oxide multi-mode propulsion system concept suggested by the 
author. The research programme was proposed to promote the development these concepts. 
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Chapter 3 
3 Propulsion System Analysis 
This chapter provides the information directly related to space uses of nitrous oxide onboard 
spacecraft. This information can be divided in two parts: 
• The first one, 3.1 through 3.3, names provisional nitrous oxide space applications, and 
discusses the propulsion sub-system design issues. 
• The second part, 3.4, discusses advantages of nitrous oxide use for small satellites. 
The information in this chapter is meant to support and strengthen the arguments in favour of nitrous 
oxide as a space propellant. 
The major goals of this chapter are to investigate the feasibility, and outline the advantages of 
nitrous oxide space applications. 
3.1 Propulsion applications 
Due to its unique properties, nitrous oxide can be used for a wide variety of space applications. For 
propulsion applications three basic properties of nitrous oxide make it attractive as a mUlti-purpose 
rocket propellant: 
• Can be stored as a liquid (-757kg/m3) with a vapour pressure of -51bar (at 20DC) 
• Decomposes exothermically with adiabatic decomposition temperature reaching -1640DC 
• Free oxygen available by decomposition can be combusted with a wide variety of fuels 
Taking advantage of these properties, especially the exothermic catalytic decomposition, space 
propulsion applications of nitrous oxide may be extended to: 
• Cold-gas propulsion for attitude control of a spacecraft 
• Monopropellant thruster for spacecraft station-keeping and small orbit manoeuvres 
• Bipropellant thrusters for large orbital manoeuvring 
• Power-generation on-board spacecraft or launch vehicle 
• Gas-generation on-board spacecraft or launch vehicle 
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• Oxygen generation on board spacecraft 
• Active thermal control of the spacecraft 
Since a gas, nitrous oxide can directly be used in cold-gas propulsion for attitude control of a 
spacecraft. To enhance the thruster's specific impulse performance nitrous oxide can be heated in a 
resistojet for spacecraft station-keeping. Taking an advantage of its decomposition, a nitrous oxide 
restartable monopropellant thruster can serve station-keeping and small orbit manoeuvres. Further 
exploration of the decomposition property leads to application of nitrous oxide as an oxidiser for 
restartable bipropellant thrusters (hybrid rocket motors and liquid rocket engines) for large orbital 
manoeuvring, and even launch and landing. This covers essentially all spacecraft propulsion 
functions. 
Since all spacecraft propulsion functions can be covered by one self-pressurising propellant, multi-
mode propulsion systems can be envisioned to satisfy a wide variety of mission requirements. Such 
systems would employ different thrusters fed by nitrous oxide from a single, simply designed 
storage tank. Due to its efficient propellant management this multi-mode propulsion system is very 
flexible for small satellite mission scenario change. 
Before assessing nitrous oxide propulsion system performance, the practicality of two key issues -
in-orbit storage and self-pressurising feed - needs to be considered. 
3.2 Onboard Storage 
Nitrous oxide is a storable propellant that does not require an expulsion system. Recent experience 
of storing nitrous oxide onboard the UoSAT-12 mini-satellite for more than two years indicates that 
storage of the gas in-orbit is not a problem. 
Nitrous oxide can be stored as liquid or compressed gas (above the critical point) through the wide 
temperature range limited perhaps by thermal decomposition temperature of 5200 e [Daintith96] on 
the upper end and the triple point (-90.S°C) on the lower end of the scale [MathesonSO]. The 
maximum storage temperature limit depends on provisioned tank pressure and ullage volume. The 
practical maximum operational temperature number for designed tank pressure of 200bar would be 
600 e (Figure 3-1). This limit shifts while the propellant is consumed (Figure 3-2). The 
recommended low operational temperature of -34°e would allow tank operational pressure (i.e. 
nitrous oxide vapour pressure) to stay above llbar (Figure 2-4). 
In bipropellant propulsion, the nitrous oxide vapour pressure may be used for pressurisation of 
liquid fuel. In this case two principal designs are possible: a) oxidiser and fuel are stored in separate 
but connected tanks; b) single storage tank is used for both propellant components (see Figure 3-3). 
Although at normal conditions temperature combination of fuels with nitrous oxide is non-
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hypergolic, a complete seal between the propellants must be insured to avoid their mixing - a cause 
of a potential explosion hazard. 
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Figure 3-1: Storage pressure of nitrous oxide tank as a function of temperature and liquid fill volume 
fraction (100,95,90,85% @ 20°C). This plot is generated by using BWR-equation from section 2.2.6. 
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Figure 3-2: Allowable storage temperature of nitrous oxide tank as a function of liquid fill volume 
fraction (@ 200bar). This plot is generated by using BWR-equation from section 2.2.6. 
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where liz - nitrous oxide mass flow rate (consumption rate), kg/s 
H °vap - specific heat of vaporisation of nitrous oxide, J/kg 
Rateheat absorption - rate of heat absorption, W 
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Figure 3-4: Specific heat of vaporisation. 
Heat transfer from ambient to nitrous oxide compensates for heat absorption. If the rates for the 
both processes are the same (Rateheat absorption = Rateheat transfer) (the case of big tanks and small 
consumption rates), then no additional action is required. Often, however, rate of heat absorption 
exceeds that of heat transfer (Rateheat absorption> Rateheat transfer). In such a case, two situations are 
possible. If consumption time is short, then heat transfer might still be able to compensate during 
idle periods, and temperature and pressure will recover. Otherwise, additional heat is required to 
compensate for the performance drop. 
The amount of heat required for compensation is calculated using the linear approximation above. 
This amount of heat is quite significant (see Figure 3-5). Heat transfer will decrease the curve 
gradient; it is a function of design (geometry and materials), and therefore, is an attribute of a 
particular design. 
Assessments of heat for nitrous oxide evaporation to support required thrusts are given in Figure 3-6 
and Figure 3-7. Due to high latent heat of liquefied nitrous oxide, a self-pressurising feed system 
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using this propellant is not scalable for high consumption rates (thrusts > ION). For low thrust, 
(<IN) small satellite propulsion, the heat requirements are affordable. Since heat transfer hasn't 
been accounted, these assessments are conservative, and thus, give too pessimistic of a forecast. As 
it will be demonstrated in section 6.2, because heat transfer rates are higher for smaller systems, the 
heat requirements are lower than predicted. 
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Figure 3-5: Heat required for absorption compensation. 
In the case of high nitrous oxide consumption rates, efforts to increase heat transfer in the design are 
appreciated as well as heating. The engineering solutions of the problem can involve: 
• Application of additional heating 
• Regenerative cooling of nozzle or the whole thruster by nitrous oxide 
• Application of heat exchangers 
• Application of high thermal conductivity materials in the design 
• Increase in heat transfer exchange surface area 
• Application of nitrous oxide gas accumulators 
The measures suggested above might still not be enough to support required high propellant flows. 
In such a case propellant expulsion system or pump-feed must be used. 
30 
11 
10 
9 -
8 
z 7 
...: 6 en 
::l 5 ... 
.c 
~ 4 
3 
2 
1 
0 
0 
Chapter 3. Propulsion System Analysis 
Nitrous Oxide 
- Isp=200s - - - - - -
-lsp=150s - - - - --
100 200 300 400 500 600 700 800 900 1000 
Absorbed Heat Rate, W 
Figure 3-6: Heat for nitrous oxide evaporation to support O-llN thrusts. (nozzle expansion ratio =200) 
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This cooling property of nitrous oxide can be turned to a benefit. Active thermal control of the 
spacecraft can be performed by bleeding nitrous oxide out of the tanks. 
The discussion above reveals that although for low thrusts (<IN) nitrous oxide self-pressurising feed 
system is practical, there is the need for further investigation regarding the flows that the system can 
support. 
Once it was found that the propulsion storage and feed subsystems are feasible at least for low 
thrusts, the thruster technology performance comparison becomes reasonable. 
3.4 Performance Comparison 
Before comparing particular propulsion technologies for small satellites, the selection criteria must 
be determined. These criteria must identify decisive factors for selection of the most suitable 
propulsion system for small space vehicle. 
3.4.1 Selection Criteria 
An ideal rocket equation derived in the early days of rocketry by Konstantin Tsyolkovsky is the law 
of motion for jet propulsion: 
Equation 3-2 
where LtV - vehicle velocity change, mls 
Ve - exit or exhaust velocity of the propellant mass, mls 
Mf - final vehicle mass, kg 
M; - initial vehicle mass, kg 
In the equation, ,:1 V represents the performance of propulsion system answering how far the vehicle 
can travel. Thruster-specific impulse (or specific impulse) is a thruster performance factor showing 
the thruster's perfection in using the propellant for thrust generation: 
where lsp - specific impulse, s 
F - thrust, N 
F 
l,p =-.-
mg 
Equation 3-3 
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m - propellant mass flow rate, kg/s 
g - acceleration of gravity, 9.81rnls2 
In other words, it shows how efficient (or how economical) the propellant is used. In this respect, 
specific impulse for space vehicle is akin to mileage for ground motor vehicle. 
LlVand Jsp are traditionally used for characterisation of space vehicle propulsion. They are related to 
each other. 
To demonstrate the relationship exhaust velocity of the propellant mass can be written as: 
Ve = I.I'P g 
Equation 3-4 
Whence, combination of Equation 3-2 and Equation 3-4 yields to: 
Equation 3-5 
Since initial and final vehicle masses are related: 
Mr=M;-Mp 
Equation 3-6 
where Mp - is mass of propellant, kg 
Equation 3-5 can be rewritten as: 
~ V = - I. g In(l- M p J 
.Ip M. 
I 
Equation 3-7 
Hence, the higher the specific impulse of a propulsion technology, and more propellant is used, the 
bigger vehicle velocity change; and the higher the specific impulse, the more efficient the propulsion 
technology. Although representing the thruster performance factor, often, specific impulse is 
misinterpreted for propulsion system performance factor. This misinterpretation assumes ~ V = 
f( Jsp). Application of electric propulsion, however, revealed the flaw of this approach. Since electric 
propulsion depends on power generated onboard the spacecraft, the ideal rocket equation can be 
rewritten as: 
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[ 
M +M J AV = _ I 1 rpp power U ,pg n 
. M rpp +M power+M p 
Equation 3-8 
where Mrpp - mass of the rest of the spacecraft (payload, structure, etc.) excluding propellant and 
power, kg 
Higher specific impulse requires higher power. Higher power, in turn, leads to mcrease in 
spacecraft power system mass (Mpower). The tendency is illustrated in Figure 3-8. 
As it can be seen in the figure, at some point gain in power system mass overdraws propellant mass 
savings due to higher specific impulse. This discrepancy led to introduction of "optimum" specific 
impulse for electric systems. Since the discrepancy had been found, the feasibility of thruster-
specific impulse for small satellite propulsion system performance evaluation needs to be 
reassessed. 
Specific Impulse (Isp) 
Figure 3-8: Electric propulsion system optimum specific impulse [JPL]. 
For this purpose Equation 3-8 can be modified to: 
L\V = -l,pgln rp pd 
[
M +M J 
Mrp + M PS 
Equation 3-9 
where Mpd - propulsion dry mass, kg 
Mps = Mpd + Mp - propulsion system mass, kg 
Mrp - mass of the rest of the spacecraft (payload, structure, etc.) excluding propUlsion, kg 
Normalising the expression under a logarithm by division to Mps yields: 
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~ V = - I In( m, + fpd ) 
spg + 1 m, 
Equation 3-10 
M 
where m, = --rp- - mass ratio 
Mps 
M fpd = ~ - propulsion dry mass fraction 
Mps 
Solving this equation for m, = const total space vehicle velocity change is plotted in Figure 3-9 as a 
function of specific impulse and propulsion dry mass fraction. 
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Figure 3-9: t1V=J(Isp ,Jp,d and m, = 4 
In the case presented in Figure 3-9, for the same !1 V the Equation 3-10 has a multiple solution. This 
solution is a trade between specific impulse performance and propulsion dry mass fraction. In the 
figure higher specific impulses correspond to higher propulsion dry mass fractions, lower lsp - to 
lower .[pd' There is, however, a drastic decrease in the change of the corresponding propulsion dry 
mass fraction upon the decreasing !1 V. For example, in the case of !1 V = 200mls, 3 times reduction 
in specific impulse corresponds to required 0.59 decrease in.[pd while in the case of !1 V = SOmis, the 
same reduction in lsp corresponds to only 0.17 decrease in .[pd. As it was mentioned earlier (see 
Figure 1-1), the /pd exceeds 0.85 for small space vehicles. The second case, therefore, is more likely 
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to correspond to the small space vehicle than the first. This suggests that for a small space vehicle 
Isp performance shift is less significant than.{pd decrease. In other words, mass optimisation of small 
vehicle propulsion system design can be at least as effective as thruster's performance improvement. 
Application of propulsion hardware or propellant providing lower lip can be beneficial if it comes 
along with the reduction in.{pd. Elimination of propulsion subsystem(s) is one of the possible design 
solutions. Significant.{pd decrease can be achieved, for example, by application of self-pressurising 
propellants. In this case propellant extra mass taken as compensation for mass savings due to 
elimination of expulsion system onboard can not only reimburse for Isp reduction but also provide 
higher i1V. 
In general, if propulsion dry mass fraction approaches to 1, then: 
r I ' pd 0 [ ( m + f J] fp~}~l n m, + 1 ~ 
(if Isp is finite) 
Equation 3-10 can be approximated by a Taylor series valid when.{pd -7 1 as: 
Restricting the equation to the first derivative term and solving for I,,'p at fixed i1 V yields: 
I = ~V (1+ m,) 
sP g (1- fpd) 
Equation 3-11 
Keeping ~ V and m, constant Equation 3-11 :can be rewritten as: 
1 
IIp =C---
1- fpd 
where C = ~ V (1 + m, ) ~ 0 is a constant. 
g 
Equation 3-12 
The results of the calculation by Equation 3-12 are given in Figure 3-10. It demonstrates that small 
reduction in.{pd whilefpd -7 1 results in significant decrease of specific impulse requirement. 
Whence, at the reduced scale size the increase in propulsion dry mass fraction is responsible for the 
reduction of space vehicle velocity change. For this reason specific impulse cannot be used as a 
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propulsion system performance factor for small space vehicles. The above analysis also implies that 
there is an optimum value of specific impulse for small space vehicles. 
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Figure 3-10: Specific impulse in terms of constant C as a function of propulsion dry mass fraction. 
Once it has been proven that specific impulse is not a criterion for small space vehicle propulsion 
the question of "What is the criterion?" arises. 
The author suggests on using "system-specific impulse" as a propulsion system performance factor. 
System-specific impulse was first introduced by Peter Erichsen [Erichsen97, ErichsenOO] who 
defines it as: 
[~: ] 
Equation 3-13 
where I/O/ - total impulse, Ns; 
Mps - propulsion system mass, kg 
For a system with constant thrust magnitude, 
Equation 3-14 
where tb - burn time, s 
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Combining Equation 3-10, Equation 3-13, and Equation 3-14, the relationship between system-
specific impulse and 11 V can be established as following: 
Equation 3-15 
Because system-specific impulse considers not only the specific impulse of the propulsion 
technology but also the mass of propellant onboard and propulsion system mass, it is capable to 
describe the effect of propulsion dry mass fraction for small spacecraft and effect of power system 
mass increase for an electric propulsion system. 
In order to define the feasibility range for system-specific impulse Equation 3-13 can be modified 
to: 
Equation 3-16 
Substitution of Mp = Pp Vp for propellant mass and simultaneous division of numerator and 
denominator by Mpd yields: 
Equation 3-17 
where V" ~ ;: [ ;;] is propellant storage specific volume indicating volume of propellant per 
propulsion dry mass. 
The higher V"p, the less dry propulsion mass is associated with storing the propellant amount. High 
V,p is typically associated with big space vehicles, low with small. This tendency is illustrated in 
Figure 3-11. In the figure small satellites have the smallest propellant storage specific volumes 
since their propulsion dry mass fraction is high. For bigger satellites and upper stages propellant 
storage specific volumes are higher. Launchers (main stages) represent the case of the most efficient 
use of dry mass fraction for propellant housing except for strap-on boosters that usually 
accommodate recovery system. Magnitude of propellant storage specific volume for small satellites 
value has been estimated as 0.001 < V,p < 0.0001. 
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Figure 3-11: Propellant storage specific volume versus size of space vehicle propulsion system. 
Another expression for propellant storage specific volume can be derived by combination of 
Equation 3-16 and Equation 3-17. 
Equation 3-18 
This expression reveals the connection among propellant storage specific volume, propulsion dry 
mass fraction, and propellant density. Higher propellant densities support smaller propellant storage 
specific volume. This is why the application of denser propellant on small satellites is beneficial. 
The rest of the selection criteria comes from consideration of the constraint and requirements 
specific for small satellites (see section 1.1). 
The following is the list of selection criteria for small space vehicle propulsion system analysis used 
in this thesis: 
• Space vehicle velocity change requirements 
• System-specific impulse 
• Propulsion envelope volume requirements 
• Power requirements 
• Cost 
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• Propellant storability, non-toxicity, non-flammability, non-explosiveness, compatibility, and 
availability 
• Restartability in orbit (if required) 
• Multifunctionality (if required) 
Having the list of selection criteria, the performance of space propulsion technologies can be 
compared. 
3.4.2 Cold-Gas 
Cold-gas propulsion is typically used for attitude control of the spacecraft because of the ability of 
such a system to provide a small minimum impulse bit. Eleven gases available "off-the-shelf' were 
selected for comparison (Table 3-1). 
Table 3-1: Properties of selected cold-gas propellants. 
Name Chemical Stora2e Density Toxicity Flammability Remarks 
Formula kwm3 
Ammonia NH3 569 T N highly reactive 
Butane C4H lO 568 N F non-corrosive 
Carbon Dioxide CO2 724 N N 
not chemically 
active 
Ethylene C2~ 337 N F non-corrosive 
Helium He 27 N N inert 
Hydrogen H2 l3 N F non-corrosive 
Methane CH4 129 N F non-corrosive 
Nitrogen N2 188 N N inert 
Nitrous Oxide N20 745 N N 
supports 
combustion 
Propane C3Hs 494 N F non-corrosive 
Xenon Xe 1774 N N inert 
.. Note: The gas denslttes are given for storage tank maximum estimated operation pressure of 200bar and 
temperature of 60°C; T - toxic; F - flammable; N - non-toxic or non-flammable. 
The results of the comparison are presented in Figure 3-12. The example demonstrates the 
advantage of system-specific over specific impulse and density lsp. While application of specific 
impulse and density lsp for comparison of propulsion technologies gives "frozen" picture, the use of 
system-specific impulse reflects the dynamics of system performance variation as a function of 
propellant amount onboard. 
Figure 3-12a illustrates correlation between system-specific impulse and specific impulse. In this 
idealised case (i.e. big spacecraft with large amount of propellant in the tanks) propulsion 
performance is defined by thermodynamic properties of the propellant so that the propulsion 
performance can be judged by specific impulse. In this case hydrogen and helium are two 
favourable propellant options. In reality, however, this number for propellant storage specific 
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volume is practically unattainable, especially for non-liquefied gases, due to insufficient strength of 
the known construction materials. 
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Figure 3-12: Theoretical performance comparison of cold-gas propellants. 
(nozzle expansion ratio = 200) 
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With the reduction in tank size the thermodynamic advantage starts to fade (see Figure 3-12b). 
Upon the further decrease in tank size Figure 3-12c, the application of denser propellant becomes 
beneficial. Liquefied ammonia takes the first place followed by hydrocarbon gases: ethylene, 
propane, methane, and then: nitrous oxide, butane, and carbon dioxide, helium, hydrogen, xenon. 
However, thermodynamic properties contribution still remains. At the further reduction in tank size, 
the advantage of denser propellants is pronounced (Figure 3-12d). Liquefied ammonia, nitrous 
oxide, carbon dioxide, propane, butane, ethylene and xenon have superior performance over non-
liquefied: nitrogen, methane, helium, and hydrogen. Much further decrease in tank size shows 
domination of dense propellants application for small space vehicles. In Figure 3-12e ammonia is 
closely followed by xenon, and then: nitrous oxide and carbon dioxide. This result is very similar to 
the one that can be obtained by application of density l<p (Figure 3-12f). 
Material strength analysis suggests that V<p > 0.005 m3/kg are hardly feasible for non-liquefied gases 
while their application for Vsp ::; 0.001 m3/kg (see Figure 3-12d) is unfavourable due to low 
propulsion system performance. Therefore, the recommended propellant storage specific volume 
range for non-liquefied cold-gas propulsion system application would be 0.001 ::; V'P < 0.005 m3/kg. 
While COS-B and TD-IA satellites using non-liquefied cold-gas propulsion are within this range the 
small satellites are out (see Figure 3-11). For this reason the application of non-liquefied cold-gas 
propulsion is inefficient for the small satellites. 
Table 3-2: Cold-gas propulsion systems on small satellites. 
Satellite Class Mass Propellant MJ] {Jp Mps Vsp jpd [ssp 
kg kg kg/m" kg m"/kg % Ns/kg 
SNAP-l Nano 6.5 Butane 0.0326 578 0.455 0.000134 93 42.9 
UoSAT-12 Mini 312 Nitrogen 6.9 230 55.518 0.000617 88 85.3 
.. Note: UoSAT-12 mlm-satellite carnes two separate expenmental propulSIOn systems onboard: mtrogen cold-
gas and nitrous oxide resistojet. 
Magnitude of propellant storage specific volume value has been estimated as 0.001 < Vsp < 0.0001 
(see Figure 3-11 and Table 3-2) for small satellites. Within this range nitrous oxide delivers the 
second or third best system-specific impulse performance after ammonia (see Figure 3-12). 
Ammonia, however, is a toxic, highly reactive chemical that in combination with air may present an 
explosion hazard. Ammonia is incompatible with copper, tin, zinc and their alloys. Xenon is 
expensive (-£l,OOO/kg). Carbon dioxide with performance very similar to nitrous oxide may 
solidify in the feed lines due to its high triple point, and, therefore, requires a thermal control 
system. Conversely, nitrous oxide is non-toxic, non-flammable, and inexpensive (-£2/kg); it has a 
low triple point, and is compatible with common structural materials. 
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3.4.3 Monopropellants 
Three monopropellant propulsion technologies have been selected for this comparison. A nitrous 
oxide monopropellant system performance is compared with that of hydrogen peroxide and 
conventional hydrazine systems for micro-satellite applications (Table 3-3). 
Table 3-3: Monopropellants. 
Propellant Nitrous Oxide Hydrogen Peroxide Hydrazine 
Chemical Formula NzO HzOz NzH4 
Specific Impulse (theoretical), s 206 179 245 
Storability Storable Storable (decomposes) Storable 
Storage Density 757 1387 1008 (liquid @ 20°C), kg/m3 
Vapour pressure, bar @ 20°C 50.8 0.003 0.015 
Storage Temperature Range, °C -34-60 -7-38 9-60 
Toxicity Non-toxic Burns skin Very Toxic 
Flammability Non-flammable Non-flammable Flammable 
Flight Heritage feed system UoSAT-12 flown flown 
Note: Hydrogen peroXIde IS 89% strength. TheoretIcal speCIfic Impulse data obtamed for nozzle expansion 
ratio of 200. 
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Figure 3-13: Monopropellant systems. 
Analysis similar to the one for cold-gas shows a similar trend for monopropellant systems - the 
denser propellants are advantageous for use on small space vehicles (Figure 3-13). This time, 
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temperature to below 38°C. For hydrazine the upper storage temperature is limited to 60°C although 
the boiling point is 1l3°e. 
In addition to raw performance, propellant handling is another significant issue to consider. Nitrous 
oxide handling requires minimal safety equipment (Figure 3-14a), while splash protection is 
necessary for hydrogen peroxide (Figure 3-14b). Complete protection is essential for hydrazine 
handling (Figure 3-14c). Nitrous oxide presents no fire or explosion hazard, while hydrogen 
peroxide may spontaneously ignite on contact with hydrocarbons. Contaminated hydrogen peroxide 
is unstable and presents a serious explosive hazard. High fire and explosion hazards are associated 
with hydrazine. 
Although a nitrous oxide monopropellant thruster has yet to be developed and flown, the feed 
system for a rersistojet is currently under test onboard the UoSAT-12 mini-satellite. Hydrogen 
peroxide monopropellant thrusters were employed on the number of missions [McCormick65, 
Sellers96, Whitehead98]. Presently, hydrazine monopropellant thrusters are an extensively used 
space technology [Humble95, Sutton92]. 
3.4.4 Resistojets 
Heating a propellant in a resistojet improves specific impulse performance in comparison with cold-
gas thrusters. Due to low heat transfer rates, resistojets are preferable for long duration firings. 
Therefore, orbit maintenance (or station-keeping) is a suitable function for such a thruster. Since 
power is the major constraint for electric thrusters on small spacecraft, system-specific impulse of 
several resistojet propellants is compared (Figure 3-15) against consumed energy. From that 
perspective, an "ideal" resistojet propellant for a small spacecraft would deliver the highest system-
specific impulse at minimum power input. Therefore, it would locate itself towards top left corner 
of the figure. In this figure, a curve for a more efficient propellant would be steeper than that of for 
a less efficient one. The ordinate axis of the graph corresponds to zero-power operational modes. 
Two of such modes are possible, when a resistojet is run as a cold-gas system, and when the heat 
generated as a result of initiated self-sustaining exothermic decomposition reaction is used. This 
latter feature can be described as a monopropellant mode. 
Again, for large spacecraft Figure 3-15a, results for system-specific impulse are similar to the ones 
obtained for specific impulse Figure 3-15b. Hydrogen is a good propellant because its high specific 
impulse grows fast with only little additional heating. However, its low density violates volumetric 
constraints for small satellites discussed earlier. The next best option would appear to be hydrazine. 
Upon scaling-down (Figure 3-15c and Figure 3-15d), the advantage of denser propellant 
applications becomes obvious. Hydrazine becomes the best option. 
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Figure 3-15: Theoretical performance comparison of resistojet propellants: specific impulse vs. heat 
required for heating propellant to the process temperature. 
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required for heating propellant to the process temperature. 
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Nitrous oxide resistojet is a special case. From the start, its performance almost overlaps that of 
nitrogen or butane resistojets until self-sustaining decomposition is initiated. At that point, power 
input can be turned off, and the thruster will continue to operate as a monopropellant. Since the 
maximum temperature of nitrous oxide decomposition (-1640DC) is high, heating of its reaction 
products in a resistojet is impractical due to the challenging choice of high temperature construction 
materials. Thus, the practical temperature operating range for a nitrous oxide resistojet coincides 
with that of a monopropellant described above. The power savings associated with nitrous oxide 
catalytic decomposition in a monopropellant, however, support its use instead of a resistojet. 
On the whole, the system-specific impulse that can be delivered by a hydrazine resistojet is higher 
than that of a nitrous oxide resistojet or monopropellant (for the same propellant storage specific 
volume V sp). The propellant storage specific volume Vsp for in-flight nitrous oxide resistojet system 
is given in Table 3-4. As it can be seen in the table, this propellant storage specific volume is low. 
Application of expulsion system necessary for hydrazine will, however, reduce the corresponding 
propellant storage specific volume for the same size hydrazine system. In this case the apparent 
superiority of hydrazine resistojet is doubtful. Moreover, hydrazine toxicity and higher powers 
(> lOOW) required for such a resistojet might become prohibitive drawbacks for small satellite 
applications. In this situation, the non-toxic nitrous oxide resistojet or monopropellant operating at 
zero-power mode are desirable for a small spacecraft. 
Table 3-4: Resistojet propulsion system. 
Satellite Class Mass Propellant Mp Po M ps Vsp ipd [ssp 
kg kg kg/m3 kg m"/kg % Ns/kg 
UoSAT-12 Mini 312 Nitrous Oxide 2.4 745 19.719 0.000186 88 137.3 
Note: UoSAT-12 mmt-satelhte carnes two separate expenmental propulSIOn systems onboard: mtrogen cold-
gas and nitrous oxide resistojet. 
3.4.5 Bipropellants 
Generated by nitrous oxide decomposition, a hot nitrogen-oxygen mixture can be exhausted through 
a nozzle as a monopropellant or used to combust a fuel. The amount of free oxygen liberated in 
nitrous oxide decomposition is comparable to hydrogen peroxide, and pure gaseous oxygen (GOX) 
at 152 bar of storage pressure (see Figure 3-16). Although GOX has a maximum mass fraction, 
available oxygen mass content bound in nitrous oxide and hydrogen peroxide is higher per unit of 
volume. 
Since a hot nitrogen-oxygen mixture generated by decomposition can be used to combust a fuel, 
restartable bipropellants employing nitrous oxide as an oxidiser are feasible. 
Theoretical performance of several nitrous oxide bipropellant combinations has been evaluated to 
determine their feasibility for future applications. The results of the analysis are presented in Figure 
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3-17, Figure 3-18, Figure 3-19, and Table 3-5. Analysis by system-specific impulse shows that for 
low propellant storage specific volumes (Figure 3-18 and Figure 3-19) these fuels deliver almost the 
same performance when combusted with nitrous oxide. 
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Figure 3-16: Amount of free oxygen available for combustion. 
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For the case of bipropeIIant systems propellant density (see Equation 3-17) is a function of oxidiser 
and fuel densities: 
Equation 3-19 
where Mox' Mf and Pox, Pf are oxidiser and fuel masses and densities respectively. 
Since Mp = Mox + Mf , Equation 3-19 can be modified to: 
PoxPf (1+01 F) P=-----'~---
p Pox+PfOIF 
Equation 3-20 
where 0 I F = M ox is oxidiser-to-fuel ratio. This is later used to compute Vsp (Equation 3-18) for 
Mf 
bipropellant systems. 
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Figure 3-19: Theoretical performance of nitrous oxide bipropellants for as a function of Vsp. 
Toxkity and other safety factors for boranes and hydrazine family fuel can raise the total cost of a 
given mission . Since performance gain provided by these fuels along with aniline is insignificant 
compared to non-toxi.c fuels, currently toxic fuels are not considered for small satellite applications. 
Non-toxic plastics (HTPB, PE, and PMMA) along with kerosene deliver moderate performance, are 
easily available, and inexpensive. Of these, HTPB provides better performance; polyethylene might 
be preferable due to its ease of being machined; kerosene might be used in liquid rocket engine but 
is hard to atomise; PMMA has higher density but delivers slightly lower system-specific impulse. 
Flammable liquefied gases (butadiene, butane, propane) deliver lower system-specific impulse 
performance than non-toxic plastics and kerosene. In addition, the associated fire hazard would 
require more careful consideration raising the total system cost. On the whole, they are 
recommended for small satellite applications. 
The performance of alcohols, except furfuryl one, and ammonia are lower than the performance of 
non-toxic plastics and kerosene. Therefore, they are not preferable fuel options at present. Furfuryl 
might be employed when tighter satellite packaging is required . 
In general, the variety of fuel combinations with nitrous oxide is more numerous. Bowman 
[Bowman50] gave theoretical performance examples for some common and exotic fuels. Most of 
them can be considered as currently impractical for small satellite applications. Gardner 
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[Gardner42] recommended carbon disulfide (CS2) as "the most practical fuel" for use with nitrous 
oxide. This combination gives high theoretical combustion temperature. Although liquid carbon 
disulfide has high storage density (l255kg/m3 at 20°C), it is highly toxic and flammable. Therefore, 
at present it is unfeasible for use on a small satellite. 
Table 3-5: Fuels for use with nitrous oxide. 
.... ~ ~ .t' .... .... til ... 
== 
. .. . .. Q 
-
CJ 
-
... ... . .. U ... 
..c ..c ,.Q 
Name Alternative Names = = S = Remarks 
'"' ~ == Eo-; Q = .... .. 00 
= < ~ 
Ammonia Anhydrous ammonia l/g N T E L Corrosive 
Aniline Aniline oil; aminobenzene; phenylamine I N T A M non-corrosive 
Butadiene 1,3- Butadiene l/g F L E L non-corrosive 
Butane n-Butane l/g F L E L non-corrosive 
Diborane Diboron hexahydride; boroethane g F H D H Cryogenic; 
unstable 
Ethanol Ethyl alcohol; grain alcohol I N L E L 
Furfuryl Furfuryl alcohol I N L E L 
HTPB Hydroxyl-Terminated Polybutadiene; Rubber s N N E L Easily Cast 
Hydrazine I F T A H 
Isopropanol Isopropyl alcohol I N L E L 
Methanol Methyl alcohol; wood alcohol I N L E L 
MMH MonoMethyl Hydrazine I F T A H 
PE Polyethylene s N N E L Easily Machined 
Pentaborane Pentaboron; ennahydride; pentaborane-9 I F H D H 
PMMA Poly-Methyl Methacrylate s N N E L Easily Machined 
Propane dimethy Imethane l/g F N E L 
RP-I Rocket Propellant; Kerosene I F N E L 
UDMH Unsymmetrical DiMethyl Hydrazine I F T A H 
Notes: s - sohd; 1- hqUld; g - gas; F - flammable; T - tOXIC; N - non-flammable, non-toxIC; A - avaIlable; 
E - easy; D - difficult; L - low; M - medium; H - high. 
Overall, the comparison reveals that HTPB, PE, RP-l, PMMA, and Furfuryl alcohol are the most 
practical fuels for nitrous oxide bipropellants on small satellites and upper-stages. 
In Figure 3-20, the performance of these fuels is compared to conventional propellant combinations. 
Although the theoretical performance of the non-toxic bipropellants is somewhat lower than that of 
highly toxic conventional nitrogen tetroxide/hydrazine family propellant combinations, requirement 
of expulsion system for tetroxide/hydrazine family or polyethylene/hydrogen peroxide propellant 
combinations decreases their propellant storage specific volume. In order for the nitrous oxide 
bipropellant to become more efficient than tetroxide/hydrazine family bipropellant systems, the 
propellant storage specific volume of the latter ones should be Vsp < 0.00053, and Vsp < 0.000056 
corresponding to the values (Vsp = 0.001 and Vsp = 0.0001) in Figure 3-21. Such a decrease in the 
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3.4.6 Multi-Mode Propulsion System 
For flexible small satellite missions, multi-mode propulsion systems are essential. Multi-mode 
propulsion systems are designed to offer a range of thrust and total spacecraft velocity change 
options to meet specific mission objectives, e.g. orbit insertion, station-keeping, and attitude control. 
Total system-specific impulse for a multi-mode propulsion system is a sum of total impulses by each 
mode over propulsion system mass: 
m 
L/rot 
I =_1_-
",sptotal M 
PS 
Equation 3·21 
where m - refers to propulsion mode (cold-gas, resistojet, monopropellant, bipropellant, etc.) 
A combination of a number of independent single-mode propulsion systems may, however, satisfy 
the specific mission requirements as well as a multi-mode system. In this case total propulsion 
system mass is a sum of the independent single-mode propulsion system masses: 
m 
Mps = LMpsm 
I 
Equation 3·22 
The example of a combination of two independent single-mode (nitrogen cold-gas and nitrous oxide 
resistojet) propulsion systems flown on UoSAT-12 mini-satellite is given in Table 3-6. For this case: 
I = l rotcil + Itotres 
",sptotal M + M 
PScg PSres 
Equation 3·23 
Table 3·6: UoSAT·12 propulsion system. 
Satellite Class Mass Propellants Mp Po Mps V.o jpd lsso 
kg kg kg/m;j kg m;j/kg 0/0 Ns/kg 
UoSAT-12 Mini 312 N2/N2O 9.3 280 75.237 0.000504 88 99.0 
Note: UoSAT-12 mInI-satellIte carnes two separate expenmental propulsIOn systems onboard: mtrogen cold-
gas and nitrous oxide resistojet. 
Since multi-mode system assumes that the propellant(s) and/or hardware is shared, it may be 
designed having lower mass than a number of independent single-mode propulsion systems: 
m 
M PS (multi - mode) ~ L M PSm 
I 
Equation 3·24 
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Figure 3-25: Performance comparison of conventional vs. nitrous oxide propulsion: a) 2-D plot; b) 3-D 
plot; c) Plot View (Ll V - spacecraft velocity change; Y - denotes propulsion mass or volume 
respectively) 
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3.4.7 Conclusion 
While not delivering the best specific impulse performance as a single-mode, nitrous oxide as a 
multi-mode, self-pressurising propulsion system simplifies the design and may provide higher total 
spacecraft velocity change and/or reduce mass. In addition, a nitrous oxide multi-mode system will 
benefit from non-toxicity, non-flammability and compatibility of the propellant in comparison to 
conventional hydrazine propulsion. Propulsion packaging and integration of such a system into 
spacecraft are easier. Flexibility of the firing strategy gained with a nitrous oxide multi-mode 
system increases the number of mission scenarios as well as launch opportunities. 
The results of performance comparison of several propulsion systems show the application of 
nitrous oxide: 
• Dense, liquefied gas for cold-gas propulsion is beneficial for volume-constrained small 
satellites. 
• Resistojet is beneficial for power-constrained small satellites. 
• Monopropellant and bipropellant will reduce major "safety overheads". 
• Multi-mode systems will be more effective over conventional single-mode alternatives. 
The following advantages of nitrous oxide multi-mode propulsion offer: 
• Higher total spacecraft velocity change performance over conventional single-mode alternatives. 
• Spacecraft power budget reduction. 
• Design simplicity. 
• Ease of packaging and integration on spacecraft. 
• Firing strategy flexibility. 
• Increased number of mission scenarios and launch opportunities. 
• Reduction in propulsion system cost. 
3.5 Conclusions 
The system analysis results summarised in this chapter show that: 
• Nitrous oxide propulsion can be employed in a variety of space applications. 
• Nitrous oxide storage and self-pressurising feed systems are practical for supporting low 
thrusts on small satellite. 
• Nitrous oxide multi-mode propulsion system is not only feasible but also advantageous for 
small satellite applications. 
The further research has been concentrating on nitrous oxide catalytic decomposition. Nitrous oxide 
restartable monopropellant thruster concept was suggested 
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Chapter 4 
4 Monopropellant Thruster Concept 
This chapter presents novel nitrous oxide monopropellant thruster concept. The operation principle 
is described. The theory required for the thruster's performance and design features modelling is 
given for later use in chapter 6. It comprises four major parts: 
• Thermodynamic analysis - comprises 
o Thermodynamic analysis of the thruster's performance 
o Thermochemical analysis of decomposition reaction inside the thruster 
o Thruster's nozzle analysis (in particular, low thrust nozzle limitations are 
considered) 
• Thermal analysis - comprises 
o heat generation assessment inside the reaction chamber 
o heat transfer processes (the smallest thruster reaction chamber is assessed) 
• axial and radial temperature distributions inside the thruster 
• calculation of the thruster's thermal insulation and radiation shield 
• Hydraulic analysis - comprises 
o pressure drop assessments through the whole system 
o pressure drop assessments through the catalyst pack in particular 
• Stress analysis - assessment of the thruster's casing wall thickness 
4.1 Operation Principle 
The schematics of a nitrous oxide monopropellant thruster employing catalytic decomposition is 
shown in Figure 4-1. In this device a flow of nitrous oxide is injected into the decomposition 
chamber. Upon injection, nitrous oxide starts to decompose on an electrically heated catalytic wire. 
The heat generated by decomposition activates the main catalyst, which in turn decomposes more 
nitrous oxide, and generates more heat. The process proceeds with increasing temperature until all 
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• It offers overall propulsion system simplicity and low cost 
• In the case of monopropellant mode failure the thruster can be used in cold-gas mode (/sp = 59s) 
The design features of such a thruster are described below. 
4.2 Design Features 
The main design features of the nitrous oxide monopropellant thruster are considered below. 
Steady-state condition for thruster operation is implied. 
4.2.1 Thermodynamics 
Theoretical performance of thruster is determined by I-D thermochemical analysis. Theoretical 
specific impulse of nitrous oxide monopropellant thruster is evaluated using the USAF ISP computer 
code written by Curt Selph. The result of the computation by ISP code is shown in Figure 4-2. The 
specific impulse monotonically rises with increasing decomposition temperature until it reaches its 
maximum at about 1640°C. The computation using tables of thermodynamic properties 
[Horvarth75, JANAF71, JANAF85] gives similar result regarding the maximum decomposition 
temperature. Figure 4-3 illustrates the balance between the heat generated by decomposition and the 
heat required to raise the initial temperature of nitrous oxide to the process temperature. The 
intersection point on the graph represents the limit at which all generated heat is consumed by 
heating the propellant to the reaction temperature so that no more heat can be generated internally. 
The further increase in the process temperature is possible only if external heat is added to the 
system (for example, initial propellant pre-heating is employed). In both of the approaches the ideal 
gas assumption is used for calculation of the thermodynamic performance of the decomposition 
process [DeHoff93, Humble95, Rogers92]. 
Presented above theoretical specific impulse using I-D thermodynamics approach is, however, an 
idealised performance. In reality, this performance is unattainable due to variability of real 
properties of media and, thus, processes in the thruster. Among the problems are: 
• heat transfer out of the thruster that decreases real process temperature 
• divergence in propellant composition due to chemical impurities 
• incomplete chemical reaction inside reaction chamber due to non-perfect reaction kinetics 
• properties of real vs. ideal gas (for example, viscosity causing friction losses in flow) 
• friction losses associated with roughness of inside thruster and nozzle walls 
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Due to these limitations thruster cannot be built infinitesimally small. The specifics of small 
thruster is discussed below. 
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Figure 4-2: Theoretical specific impulse of nitrous oxide mono propellant thruster as a function of 
chamber temperature (Chamber pressure = 3bar; nozzle expansion ratio = 200). 
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Figure 4-3: Thermodynamics of nitrous oxide decomposition. 
(The calculation is performed by using data from tables of thermodynamic properties) 
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4.2.2 Limitations 
In order for spacecraft to move in required direction propulsion thrust vector must be aligned to its 
COG. In reality, however, thrust vector misalignment to spacecraft COG always exists. Thrust on a 
space vehicle is, therefore, limited by ability of spacecraft ADCS to compensate for thrust vector 
misalignment to COG since torque disturbance can substantially reorient low mass satellite in the 
shorter time than reaction time of ADCS. Therefore, small satellite ADCS must have faster 
response or employ lower thrusts to compensate for thrust vector misalignment to COG. Since this 
ability for lighter spacecraft is lower due to its lower inertia, smaller space vehicle's propulsion 
should deliver smaller thrusts in shorter pulses. It is expected that the attitude control for future 
small spacecraft require thrusts on the order of 10 - 1O-3mN and minimum impulse bits better than 1 
- 1O-6mN-s [Janson96, MarkelovOl]. 
Thrust of rocket engine is determined by propellant mass flow rate and effective exhaust velocity: 
F=mc 
Equation 4-1 
where m - propellant mass flow rate, kg/s 
c - effective exhaust velocity, mls 
Both of the parameters on the right hand side of the Equation 4-1 are determined by thruster's 
nozzle geometry (shape and size), conditions (pressure and temperature) inside and outside 
(ambient) the thruster, and properties of propellant(s). 
Effective exhaust velocity: 
c = ve + ~e (p e - P a ) 
m 
Equation 4-2 
where Ve - exhaust velocity, mls 
I . 2 Ae - nozz e eXit area, m 
Pe - nozzle exit pressure, Pa 
Pa - ambient pressure, Pa 
Propellant mass flow rate: 
Equation 4-3 
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where P Ih - propellant density in nozzle throat, kg/m' 
Alh - nozzle throat cross-section area, m2 
Vlh - propellant velocity in nozzle throat, rnIs 
For properly designed convergent-divergent nozzle propellant velocity in nozzle throat is equal to 
acoustic velocity: 
Equation 4-4 
where rIll - propellant specific heat ratio in nozzle throat 
JlIIl - propellant molar mass in nozzle throat, kg/mol 
TIll - propellant temperature in nozzle throat, K 
R = 8.31441 J/mollK - universal gas constant 
The above equations (Equation 4-1, Equation 4-2, Equation 4-3, and Equation 4-4) use isentropic 
values of flow velocity. Isotropic (bulk) properties of media are assumed. 
Minimum impulse bit (MIB) is determined by thrust and time of the pulse: 
Equation 4-5 
where t and tp - time and pulse duration respectively, s 
hil - minimum impulse bit, mN-s 
Pulse duration depends on response time of the thruster feeding valve and/or thruster chamber 
geometry. 
Minimal thrust provided by propulsion technology is limited not only by its advancement but also 
by its inherent physical constraints. The inherent constraints of modern cold-gas, electrothermal and 
chemical propUlsion technologies are in application of nozzle for thrust generation. For chemical 
thrusters additional constraints are imposed due to application of chemical reaction(s) for heat 
generation. In the both cases these physical constraints are related to the thruster's size because the 
assumption of isotropy is no longer valid for the small system. 
For this reason the two main features of the small thruster design are of interest: 
• Minimal thrust provided by small nozzle (section 4.2.2.1) 
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• The smallest chemical thruster chamber size (section 4.2.3.2.1) 
These features are discussed below. 
4.2.2.1 Small Nozzle 
In propulsion nozzles are used for thrust generation. Nozzle IS a profiled duct that converts the 
enthalpy of fluid flow passing through into kinetic energy by expansion. For simpler analysis 
nozzle performance is idealised by the following assumptions [Humble95]: 
• isentropic flow, i.e., reversible and adiabatic, from the chamber (after combustion of propellant) 
to the nozzle exit. Adiabatic .flow means heat transfer does not dissipate energy from the flow. 
This assumption also neglects the effects of friction and fluid viscosity. 
• Flow is in one dimension. The larger the nozzle cone half angle, the less acceptable this 
assumption becomes. 
• Products of combustion constitute a perfect gas. 
• Flow is "frozen". Ones established in the chamber, the products of combustion do not change in 
chemical composition while traversing the nozzle. 
• Flow is steady. Therefore, the time-variant terms of continuity, momentum, and energy 
equations are zero. 
The nozzle with such idealised performance is called "perfect" or "ideal". Ideal nozzle performance 
of nitrous oxide monopropellant thruster is given in Figure 4-4. 
---------------------------------------------- -------------------
210.--r--r-~~--,__r-r__,_.--.__, 
205 
200 
en 195 
ar 
~ 190 
Co § 185 
~ 180-
l175 (J) 
170 
I 
----_--.!_---'. - - ~ I 
I I I 
I 
I __ '- ___ .-~. 
-+-1641 C 
165 
160~_r~-+__+--r__r~--~_+--r__r~--+__+--+_~~--~~ 
- 1-- - - 1-- - -I - - -I - - -1 - - -r - - -1 - - r - r - - 1- -
I I I I I I I 
- -1- -- -1- - -1"-
I I I --*-1100C 
25 50 75 100125 150175200225250275300 325350375 400425450 475500 
Nozzle Expansion Ratio 
Figure 4-4: Specific impulse performance of nitrous oxide monopropellant thruster as a function of 
nozzle expansion ratio and chamber temperature. 
Thrust Equation 4-1 for idealised nozzle can be rewritten as: 
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Equation 4-6 
This equation demonstrates that thrust can be reduced by decreasing propellant mass flow rate, 
exit/ambient pressure drop, and nozzle exit area. Thrust reduction by decreasing exit velocity is 
ineffective since it deteriorates specific impulse performance. Contribution of pressure component 
of thrust is usually insignificant to momentum thrust. Hence, the effective thrust reduction is 
possible due to decrease of propellant mass flow rate: 
m=pAu 
Equation 4-7 
Equation 4-7 shows that propellant mass flow rate reduction is possible by decreasing density or/and 
nozzle cross-sectional area. Decrease of flow velocity, again, is not considered. 
Decrease in the chamber pressure reduces density, especially in the flow expanding downstream of 
the diverging part of the nozzle. Therefore, chamber pressure decrease may be used for thrust 
reduction. However, this method of thrust reduction has its limits, and in order to be effective, it 
must be applied carefully. Decrease in chamber pressure must not cause the second term in the 
Equation 4-6 become negative (i.e. Pr < Pa) to avoid flow overexpansion. In high vacuum 
environment, reduction in chamber pressure may cause molecular mean free path upon the flow 
expansion downstream the nozzle increase to the point where the flow continuity falls apart. The 
process starts at the nozzle exit and then propagates upstream upon the further decrease of the 
chamber pressure. The downstream part of the nozzle after the point where flow continuity breaks 
is ineffective. 
Validity of continuum approach is reflected by Knudsen number (Kn) that is the ratio of the 
molecular mean free path to the scale of interest. When Knudsen number> 0.01 continuum fluid 
flow begins to break down. 
A 
Kn=-
L 
Equation 4-8 
I 
where A = Ji - mean free path, m 
nd 2n 2 
L - a characteristic dimension on which KIl is based, m, (for circular nozzle L = d - nozzle 
diameter) 
11 - number density, number of molecules per unit volume in the gas, #_oCmolecules/m' 
67 

Chapter 4. Monopropellant Thruster Concept 
u - flow velocity, mls 
L - a characteristic dimension on which Re is based, m 
T/ - fluid viscosity, Pa s 
The lower the Reynolds number, the stronger flow is affected by the fluid viscosity. 
2. The basic boundary-layer theory assumption stating that the slope of the laminar boundary-layer 
rise is inversely proportional to flow Reynolds number (see Figure 4-5 and Figure 4-6). 
[Shapiro54, Schlichting68, Shames92, Pai59] 
<5 1 
-DC--
X JRe 
Equation 4-10 
where 8 is boundary-layer thickness, m 
x - distance from beginning of boundary-layer, m 
Re - Reynolds number, dimensionless 
This implies that the smaller nozzle cross-sectional size, the lower the Reynolds number, the faster 
the boundary-layer growth. 
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Figure 4-6: Laminar boundary-layer slope rise as a function of Reynolds number. Assumption: 8/x«1. 
The boundary-layer thickness inside the nozzle throat is of special importance since this is the 
smallest nozzle cross-sectional area. Therefore, this characteristic size is used for L. When the 
nozzle throat size becomes comparable to the boundary-layer thickness, friction losses start to 
dominate the flow, thus, friction becomes a limiting factor of the flow though the nozzle. Since 
flow friction phenomena and fluid viscosity are related, the Reynolds number for higher frictional 
flow is lower. For this reason thrust efficiency of small nozzles decreases with Reynolds number. 
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Eventually the boundary-layer can block the nozzle so that the flow will never reach a somc 
velocity, and the nozzle becomes ineffective. This is more likely to occur at Re < 4000. 
In order to construct efficient nozzle the critical parameters of its design have to be identified. 
Specifics of the viscous flows suggests that the small nozzle profile should be somewhat different 
from the conventional nozzle. The nozzle geometry features considered are shown in Figure 4-7. 
Since boundary-layer thickens downstream, the minimum nozzle profile length (In()z) is desirable to 
reduce friction. Flow is incompressible in the upstream section of the thruster's chamber until the 
point in the converging part of the nozzle where it accelerates to Mach number above 0.4. 
Therefore, friction generated by shear stress does not cause significant flow deceleration, and the 
influence of inlet radius of curvature (r;) on nozzle performance is minimal. Convergence half-angle 
variation between 30° and 89° is also reported to have little affect on nozzle performance [Liang96]. 
Figure 4-7: Main features of nozzle design. 
For air flow at Re = 1.8x106 through the conical nozzle (E = 9) the optimum value of the nozzle 
throat radius of curvature (rc) is reported 2r/drh = 0.625 [Liang96]. For Re = 350, however, a throat 
radius of curvature (rc) is reported as not having a noticeable effect on 2-D micronozzle performance 
comparing to sharp comer throat shape, because of the increase in friction losses due to the extended 
nozzle length [MarkelovO 1]. 
Expanding in the diverging section of the nozzle gas accelerates. Since velocity is a vector, its 
direction affects the thrust value in Equation 4-6. For maximum thrust the flow velocity vector must 
be parallel to the thruster's axis of symmetry. In fact, this is not the case because the gas must be 
expanded to accelerate to supersonic velocity. Upon the expansion in the diverging part of the 
nozzle the gas acquires radial component of its velocity that is associated with so called divergent 
losses. 
The derivation of the thrust equation accounting the divergent losses in the nozzle with invisid flow 
is given in Appendix B. Results presented in Table 4-1 show that in the case of invisid fluid flow 
through the nozzle the performance deterioration due to radial component of velocity becomes 
significant at divergence half-angle bigger than 15 degrees. 
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Table 4-1: Conical nozzle losses due to radial component of flow velocity. 
Nozzle half-angle, deg. 5 10 15 20 25 30 
Radial losses, % 0.2 0.8 1.7 3.0 4.7 6.7 
For diverging part of the real nozzle with viscous flow, boundary-layer thickness is a function of 
divergence angle for a given expansion. Assuming velocity profile symmetry around cone axis of 
symmetry (u = f( rp») the thrust can be written as: 
a 
F = 2n r2 f p u;(rp )sin rp cosrp drp + (Pe - Pa )Ae 
o 
Equation 4-11 
Since velocity next to the wall is lower (Figure 4-8), the contribution due to radial velocity 
component diminishes when rp -7 a. Hence, divergence angle for nozzles with pronounced 
frictional losses can be larger than for nozzles where friction losses can be neglected (i.e. a (u = 
f( rp» > a (u = U = Const»). Because the mean value of the flow velocity Ii ~ U, then F( Ii ) ~ F(u = 
U = const). Therefore, the thrust of the real nozzle (viscous flow) is equal or less than the ideal 
(invisid flow) one. This effect of nozzle performance improvement at larger divergence half-angles 
is reported for low Reynolds number flows [Kim94, Bayt99]. 
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Figure 4-8: Viscous flow through diverging nozzle. 
Contouring of the divergent part of the nozzle to a bell-shape is known to be advantageous since the 
bell nozzle reduces the surface area in the diverging section and divergence losses intrinsic in a 
conical nozzle. However, in the case of significant viscous effect present in the flow through a bell-
shaped nozzle it is reported to be less efficient than a conical nozzle [Kim94]. This performance 
deterioration is attributed to formation of compression waves near the inflection point of the 
diverging section of the contoured nozzle [Kim94]. 
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On the whole, (see Figure 4-9) optimised small nozzles will be short. A traditional nozzle 
converging section will be modified to the one having f3 = 90° with a sharp corner at the throat 
entrance (as it is in the case of the Moog Champ/Grace cold-gas thrusters). This seems to be the 
most advantageous configuration, both from specific impulse consideration, and because it 
eliminates all dribble volume when the valve poppet seals directly at the nozzle entrance, reducing 
the minimum impulse bit. The nozzle's discharge coefficient reduction increases the throat diameter 
that is generally advantageous in a micronozzle from manufacturing and clogging considerations. 
The divergent part of the nozzle is recommended to be of conical shape, and have larger divergence 
angle than conventional ones. Restricted by more friction, the expansion ratio for small nozzle will 
be smaller (i.e. €(friction i) < E(friction.l. ». This suggests the pressure thrust term of Equation 4-6 
increase while the momentum thrust drops. The overall thrust decreases due to the dominance of the 
momentum thrust. 
Figure 4-9: Small nozzle design for viscous flows. 
In order to reduce viscous losses the Reynolds number may be increased by chamber pressure raise. 
This would, however, cause an increase in momentum thrust: 
F oc rhu e = 1] X LRe u e 
Equation 4-12 
where F - thrust, N 
m - propellant mass flow rate, kg/s 
x - area proportionality coefficient (for nozzle throat area: A = X L2 ; for example; X = 7Tl4 
for a circle) 
1] - dynamic viscosity, Pa s 
Re - Reynolds number 
Ue - exit (or exhaust) velocity, rnIs 
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Upon scaling nozzle down to micron size continuum approach fails even at high chamber pressure. 
This is because at reduced scale particle residence time in the flow channel is reduced. When the 
particle residence time is shorter than the relaxation time: total momentum exchange inside the 
nozzle flow is incomplete; the dissociated molecules do not have enough time to recombine (i.e. the 
energy used for breaking molecular bond is lost). These effects are referred as "frozen losses". 
Frozen losses are a function of Reynolds number since collision frequency is a function of gas 
density and residence time or scale [Bayt99]. Due to these losses, internal energy stored in gas is 
not converted fully to kinetic energy while in the nozzle, and performance suffers. For these 
reasons, traditional Navier-Stokes approach to calculation of micro-flow may lead to overprediction 
of micro-scale nozzle performance. In this case laws of molecular kinetics must be applied for 
nozzle performance prediction. Currently numerical simulations of micronozzle flow use DSMC 
method that requires application of powerful computers [Boyd94, MarkelovO 1]. 
Width (1) ; 
Circular Nozzle 
0-6 
->r I Rectangular Nozzle ; 
Depth (30) 
Figure 4-12: Comparison for circular and rectangular (aspect ratio 30:1) nozzles of the same area. All 
sizes are dimensionless. 
Injection of helium to the near wall flow region behind the throat is suggested for nitrogen flow, 2-
D, micronozzle performance improvement [MarkelovO 1]. The numerical simulation is reported the 
improvement in the micronozzle performance. The effectiveness of this method comparative to the 
flow of the equivalent gas mixture thorough the micronozzle has to be assessed. The organisation of 
such injection is a technical challenge. 
Small nozzle performance trades were investigated using simple numerical model developed by the 
author. A 3-D, conical nozzle is assumed. The results revealed that for better representation of 
these trades Equation 4-12 could be written as: 
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n 2 TJ F DC -TJ Re --u 
4 p a e 
Equation 4-13 
If flow friction losses are kept constant by setting Reynolds number in the nozzle throat const, the 
thrust is directly proportional to nozzle throat diameter since: 
TJ d1h = Re--pa 
Equation 4-14 
The both, thrust and diameter, are inversely proportional to the nozzle throat density, i.e. chamber 
pressure: 
1 
p __ r_c_h __ /I p ( 2 Jr-1 
RT,.h Y + 1 
Equation 4-15 
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Figure 4-13: Thrust as a function of chamber pressure (0.5 ::; Pcb::; 200bar). Re = const; Kn::; 0.01 
Since thrust and throat diameter are hyperbolic functions of pressure (Figure 4-13), the smallest 
nozzle throat size and the lowest thrust are limited by maximum chamber pressure. Thus, for the 
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case of nitrogen gas in Figure 4-13, assuming the chamber pressure is 30bar, minimum thrust 
delivered by 5-micron throat diameter nozzle is about 0.095mN. The further decrease in thrust is 
possible by raising chamber pressure or reducing nozzle throat flow Reynolds number. 
For the case when Reynolds is only a variable, thrust is a parabolic (Figure 4-14) rather than linear 
(Equation 4-12) function of nozzle throat Reynolds number. This demonstrates inherent connection 
between viscous flow losses and nozzle throat cross-sectional area. In fact, viscous flow losses are a 
function of volume since they are dependant on the nozzle profile length (see Equation 4-10). 
However, thrust Equation 4-6 fails to reflect this connection. 
The used numerical model (Figure 4-14) predicts minimum thrust of 1.51lN at dth = 0.7Ilm, E = 1.03, 
Re = 313, and Isp = 56.2s before the nozzle performance finally deteriorates. The model, however, 
does not account friction losses due to boundary-layer build-up. Therefore, this prediction is too 
optimistic since the actual performance deteriorates faster. Direct simulation of nozzle flow has to 
be used for more accurate prediction. 
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Figure 4-14: Thrust as a function of Reynolds number. Pch = 30bar; Kn ~ 0.01 
Application of light, low viscosity gases (such as hydrogen) in small nozzles raises the minimum 
thrust (see Figure 4-13) because the exhaust velocity increases. 
Performance of small nozzles manufactured by conventional technique was compared to 
micronozzle fabricated using MEMS technology to assess their viability for future applications. 
The Moog thrusters (Figure 4-15 and Table 4-2) developed for the Champ/Grace Program are a 
good example of the conventional design [BzibziakOO]. In these thrusters the valve poppet seals 
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Comparison of the delivered specific impulse reveals that the micronozzle performance is lower 
than that of Moog nozzles. The micronozzle flow losses represented by the discharge coefficient are 
also lower. The higher flow losses in Moog thrusters can be explained by conditions of the nozzle 
79 
Chapter 4. Monopropellant Thruster Concept 
throat that is sharp at the entrance corner, and at the exit corner to the conical diverging section is 
not broken nor radiused. Because of the flow losses the thrust efficiencies of Moog nozzles are 
lower. They increase with Reynolds number. At the same Reynolds number the thrust efficiencies 
of Moog nozzles are higher for higher expansion ratios. 
On the whole, despite the design approach taken, the thrust delivered by the two different nozzles 
(Moog 58E145 vs. micronozzle) is approximately the same. Specific impulse performance of the 
micronozzle based on MEMS technology is lower, but its size is an order of magnitude smaller. 
Therefore, while Moog's nozzle technology may be successfully applied on satellite platforms 
weighing> lkg, application of MEMS micronozzles may be advantageous for picosatellites (~ lkg). 
Minimum impulse bit numbers for the Moog thrusters are given in Table 4-2. No experimental data 
regarding minimum impulse bits for macrothrusters are currently available for comparison. 
Because at reduced scale heat transfer enhances (this trend is discussed in details in section 
4.2.3.2.1), heat generated in the reaction chamber can be easily given off by the flow downstream if 
the nozzle wall is cold. In this case, kinetic energy of the flow near the wall is converted back to the 
heat, and performance suffers. Therefore, minimisation of heat losses out of the thruster maximises 
performance. Hence, to minimise these losses nozzle may be heated or thermally insulated. 
Since nozzle throat defines propellant mass flow rate through the thruster, and propellant mass flow 
rate is responsible for heat generation inside the reaction chamber, balance between heat generation 
and loss inside thruster's reaction chamber discussed in section 4.2.3.2.1 must be considered. 
Otherwise, if nozzle throat is too small, heat losses out of the thruster may override heat generation 
by insufficient propellant mass flow rate. 
4.2.3 Thermal Analysis 
Thermal analysis is required to ensure the optimum operational temperatures for the thruster. 
4.2.3.1 Heat Generation 
Since heat is generated in nitrous oxide decomposition reaction, the reaction rate determines the rate 
of heat generation. This rate of heat generation is used later for nozzle design, thermal analysis of 
the thruster, etc. In order to find the rate of heat generation, the reaction rate needs to be 
determined. 
The reaction rate is defined as the change in concentration of one of the reactants, dc, divided by 
time interval, dt during which the change occurs: 
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de 
Rate = -- (constant density) 
dt 
Equation 4-16 
Because dc is negative, the minus sign ensures the rate is positive, which is a normal convention in 
chemical kinetics. If the follow the concentration of the products, then the rate is expressed as: 
de 
Rate =-
dt 
(constant density) 
Equation 4-17 
In this case dc refers to product concentration change, and is positive. 
At any instance rate of chemical reaction can be expressed as: 
Rate = k x creaction_order 
Equation 4-18 
where k is rate constant, 1/s, and concentration (c) is a dimensionless quantity here relating number 
of reactant molecules to total number of molecules. 
Rate constant can be obtained from collision theory. According to the collision theory of gas-phase 
reactions, a reaction occurs only if the reactant molecules collide with a kinetic energy of at least the 
activation energy. The fraction of molecules that collide with a kinetic energy equal to or greater 
than activation energy Ea is given by the Maxwell distribution of speeds: 
where If/is pre-exponential factor, 1/s 
Eo - activation energy, J/mol 
T - gas temperature, K 
-~ 
k = If/e RT 
Equation 4-19 
R = 8.31441 J/mollK - universal gas constant 
As it was mentioned in section 2.2.5, nitrous oxide decomposition reaction proceeds according to 
the following equation: 
Equation 4-20 
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This reaction is of the first order. At standard conditions the activation energy for nitrous oxide 
homogeneous thermal decomposition reaction is about 250kJ/mole, and pre-exponential factor 
8.0xlO·11 lis [Atkins97]. 
The integrated rate law for a first-order reaction represents time-variation of reactant concentration 
for constant temperature: 
Equation 4-21 
where k is the rate constant and t is the elapsed time 
Co is initial concentration of the reactant (t = 0) 
CI is concentration of the reactant at the time t 
For gas-phase reactions partial pressure Pi is related to concentration Ci by an equation of state, such 
as: 
Pi = zRTci 
Equation 4-22 
where z is the compressibility factor for gas mixture, and depends on T, p. and composition. 
Composition can be determined from Equation 4-20 as: nN20 = nN2 + V2 nOl, where nN20 , nN2 , nOl 
are number of moles nitrous oxide, nitrogen, and oxygen, respectively. 
At relatively low density, z :::::1, ideal gas mixture is assumed: 
Pi = RTci 
Equation 4-23 
Hence, in Equation 4-21 concentration can be replaced by partial pressures leading to: 
Equation 4-24 
where k is the rate constant and t is the elapsed time 
Po is initial concentration of the reactant (t = 0) 
PI is concentration of the reactant at the time t 
Although a way of estimation of heat generation through the catalyst pack length, the application of 
the reaction rate at present is associated with serious difficulties. Calculation of reaction rate 
assumes that If! and En are known. In fact, the extensive literature search [Atkins97] provided with 
the limited data quoting If! and En only for the case of homogeneous (thermal) decomposition 
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without even referencing the temperature application range. Meanwhile, If! and Eo are, indeed, 
functions of temperature (molecular mean velocity). These values are specific for each catalyst. 
The literature search failed to acquire any data regarding to If! and Eo for the catalyst in use. The 
equipment for experimental determination of these values has not been available. The other 
difficulty is associated with estimation of combined effect of heterogeneous (catalytic) and 
homogeneous (thermal) decomposition. For these reasons, later in this thesis (section 6.4.3) the 
author uses stay-time concept for catalyst pack length determination. Once If! and Eo data for the 
catalyst for the operational temperature range are available reaction rate concept can be used for the 
assessments. 
Heat generation due to decomposition of certain amount of nitrous oxide can be found as: 
QII = L1nL1H or 
Equation 4-25 
where Qg is heat generated due to decomposition reaction, J 
L1n - number of decomposed moles of nitrous oxide 
L1Hor - heat (enthalpy) of reaction (for nitrous oxide it is equal to enthalpy of formation, 
HOF), J/mol 
The generated power can be written as: 
Equation 4-26 
where liz - propellant mass flow rate, kg/s 
!!lHor = ,1H°IJ-l- specific enthalpy of reaction, J/kg 
J-l- molecular mass, kg/mol 
This equation will be extensively used through the rest of the thesis for heat generation assessments. 
4.2.3.2 Heat Transfer 
Heat transfer analysis is required to reduce heat losses out of the thruster and avoid excessive 
temperatures inside and outside the thruster. 
4.2.3.2.1 The smallest size reaction chamber 
Propellant temperature rise inside thruster's chamber by exothermic chemical reaction is used to 
improve specific impulse performance. The amount of heat released in the chemical reaction 
depends on the reaction, its conditions (pressure and temperature), and quantity of the reactant(s) 
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involved. The reaction conditions determine its rate. For known reaction within the confinements 
of the thruster chamber, the chamber size limits the quantity of reactant(s) (i.e. propellant). The 
nozzle throat size restricts the reaction rate through propellant mass flow rate. The heat exchange 
balance inside the thruster determines the chamber temperature. 
Since nozzle throat size is determined by the thrust requirement, the reaction rate necessary to 
support the performance is known. Therefore, the chamber size has to be adjusted to ensure heat 
exchange balance required to achieve the prescribed reaction conditions. Hence, the chamber size is 
not a voluntary parameter of the thruster design. Its variation at the constant mass flow rate brings 
the system to the new equilibrium state with different reaction conditions (Pch and Tch). These new 
conditions may not support the required reaction rate, and the thruster performance will drop. In 
particular, too big or small reaction chamber does not support the reaction. Thus, the reaction 
chamber design has to be optimised to achieve maximum specific impulse performance. For the 
optimisation purpose the smallest possible reaction chamber size is of interest. The case is 
simplified to I-D, steady-state problem. Uniform properties inside the reaction chamber are 
assumed. 
Energy conservation suggests that in order to attain the necessary performance, the balance between 
heat generation inside a thruster and heat losses out of the thruster must be achieved at the required 
chamber temperature. For steady state this means that heat generation inside the thruster due to 
exothermic chemical reaction must be equal or greater than heat losses out of the thruster: 
Equation 4-27 
where Qg and Qh/ - heat generation due to exothermic chemical reaction and heat losses out of the 
thruster, J 
Assuming no irreversible work is done and changes in flow potential energy are negligible, the first 
thermodynamic law for control volume is: 
Equation 4-28 
where Qg - heat (energy) generation inside the reaction chamber, J 
m - propellant mass, kg 
he, hi are static specific enthalpies at exit and intake respectively, J/kg 
Ue • Ui propellant velocities at exit and intake respectively, mls 
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Static enthalpy change inside the thruster is assumed to be equal to chemical reaction heat (enthalpy) 
that in the case of nitrous oxide is equal to heat of formation. Since propellant velocity change is 
small along the reaction chamber (before the nozzle), the second term in the brackets can be 
neglected. Therefore, the equation for heat generation inside the chamber due to chemical reaction 
can be expressed as: 
Equation 4-29 
where Mlor - specific enthalpy of chemical reaction (for nitrous oxide it can be replaced by specific 
heat (enthalpy) of formation, HOF), J/kg 
p- average propellant density inside reaction chamber, kg/m3 
Vch - reaction chamber volume, m3 
This equation demonstrates that heat generation inside the thruster is dependant on reaction chamber 
volume. 
Specific enthalpy change for chemical reaction is defined as: 
liH e _ ~ V p H O ~ v, He 
, - LJ - F, products - LJ - F, rear tan 1.\' 
#p #, 
Equation 4-30 
where H of - enthalpy of formation, J/mol 
Jl - molar mass, kg/mol (r - reactants; p - products: Jl = 0.044013 kg/mol - nitrous oxide 
molar mass) 
v, , vp - stocheometric coefficients of the chemical reaction equation for reactants or 
products respectively 
For the purpose of simplification, heat transfer through the chamber ends is assumed negligible. 
Heat transfer due to radiation and conduction is also neglected. Therefore, heat losses associated 
with heat transfer out of the reaction chamber for steady-state can be approximated by heat losses 
through thruster side wall: 
Equation 4-31 
where Arhs - reaction chamber surface area, m
2 
k - heat transfer coefficient, J/m2/K 
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iJT - temperature difference (can be assumed as temperature difference between the 
temperature on inside wall of reaction chamber (or chamber temperature) and 
outside temperature of thermal insulation (or ambient temperature)), K 
Hence, heat losses out of the thruster are dependant on reaction chamber surface area. 
The minimum reaction chamber size can be assessed. 
For convenience conservation of heat rates is used instead of energies: 
Equation 4-32 
where Qg - heat (energy) generation rate inside the reaction chamber, W 
QhI - heat (energy) transfer rate out of the reaction chamber, W 
Hot 
Exhaust 
Q, 
12", 
dCh +--
Cold 
lch J Propellant 
Figure 4-17: Reaction chamber heat balance schematics. 
The rate of heat generation can be written as: 
Q ·Mr 1l d 2 Ml o /I = m r ="4 P U ch r 
where m - propellant mass flow rate, kg/s 
p - propellant density, kg/m3 
u - propellant velocity, mls 
Equation 4-33 
dch , ich are reaction chamber diameter and length respectively, m 
Applying continuity equation: m = pA H u 
where AH =: d;h - reaction chamber cross-section (hydraulic) area, m2 
The rate of the heat loss out of the thruster is: 
Equation 4-34 
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external heat applied). In other words, chemical thruster cannot be made infinitely small because at 
certain size reaction chamber heat losses overtake generation. 
Combination of Equation 4-32, Equation 4-33, and Equation 4-34 gives the equation for minimum 
reaction chamber diameter as: 
d
Ch 
~ 4h RTch~T lch 
Pch/)./l r U 
Equation 4·37 
where dCh - reaction chamber diameter, m 
Tch - chamber temperature, K 
Pch - chamber pressure, Pa 
R = 8.31441 J/mollK - universal gas constant 
For two examples shown in Table 4-3 minimum reaction chamber diameters tum out to be 13.3mm 
for nitrous oxide and 7.7mm for hydrazine. 
Analysing Equation 4-37 it may be concluded that for smaller size thrusters: 
• Higher chamber pressures are desirable. 
• Propellants providing higher chemical reaction enthalpies are preferable. 
• Smaller heat transfer coefficients h -7 0 are beneficial. In other words, thermal insulation 
materials are desirable in thruster design. Ideally, with application of the perfect insulator h = 0 
the thruster could be made infinitely small. Smaller heat transfer coefficients, however, increase 
temperature difference (Li1), therefore, increasing minimum reaction chamber size. Fortunately 
this difference (Li1) is finite. Therefore, its influence is diminishing upon decreasing h. High 
chamber temperature Tch is, however, desired for high efficiency thermodynamic processes 
(high thruster performance). Since higher Tch values are desired, dCh must be optimised. 
• Increase in propellant velocity (u) increases heat generation. It will cause a consecutive increase 
in propellant mass flow rate, and thrust. 
• Increase in reaction chamber length (lch) increases (surface area) heat transfer rate out of the 
chamber. 
• lCh/U represents propellant stay-time inside the reaction chamber (see section 6.4.3). This stay-
time should be enough to ensure the completion of the chemical reaction. 
The assessments of the optimum size for nitrous oxide and hydrazine monopropellants were 
performed to verify the suggested method. The results are presented in Table 4-3. According to the 
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assessment, the smallest reaction chamber volume for nitrous oxide and hydrazine thrusters are -
2173 and -735mm3 respectively. This volume does not account the catalyst, structural support, etc. 
In the gas flow, condition stated in Equation 4-32 (balance between rates of heat generated by 
decomposition and heat dissipated into surrounding) must be ensured for self-sustaining 
decomposition (Equation 4-20). 
Table 4-3: Calculation results 
Chemical reaction 2N20 ~ 2N2 + O2 2N2~ ~ N2 + 2NH3 + H2 
F,N 0.15 1 
liz, gmls 0.1 0.4494 
f1Hor , kJ/kg 1237 3668 
Pch, bar 3 22 
Tch, K 1073 883 
L1T, K Tch - 298K 
h, W/mL'IK 196 5810 
u, mls 0.3 1 
Zch,mm 20 20 
dch,mm 13.3 7.7 
4.2.3.2.2 Axial temperature profile 
During steady-state operation mode nitrous oxide decomposes on its way downstream the catalyst 
bed towards the nozzle (Figure 4-19). As it was mentioned previously the decomposition is 
temperature dependent process. Upon injection to the reaction chamber nitrous oxide starts to 
decompose on catalyst. At the beginning, the decomposition occurs at a slow rate because in this 
"heat exchange" region the temperature increase is primarily due to heat transfer. Heat transfer 
upstream the catalyst bed occurs by conduction through catalyst pellets. Heat transfer downstream, 
however, is due to gas flow convection. In other words, heat delivered by conduction through 
catalyst pellets and generated by the decomposition process is absorbed and transported downstream 
by flow of nitrous oxide. The heat absorbed warms up the flow. Flow and catalyst temperature 
increase. The reaction rate increases. The contribution by heat generation increases primarily due 
to catalytic decomposition. The temperature curve climbs steeper. With temperature rising, 
however, thermal decomposition of nitrous oxide starts to play more significant role in the 
decomposition process. At above 800°C, thermal decomposition starts to dominate. Most of the 
nitrous oxide, however, is decomposed by this moment. Therefore, the temperature curve slope 
becomes smoother. The flow (catalyst pack) temperature reaches its maximum when all nitrous 
oxide is decomposed. In the properly designed catalyst pack, therefore, maximum temperature 
corresponds to the down-stream end of the catalyst pack. If there is not enough catalyst in the 
catalyst pack, nitrous oxide will not decompose fully, and the energetic potential of the propellant 
will be wasted. If there is too much catalyst in the pack, when the part of the catalyst down-stream 
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iJG - volumetric rate of heat generation, W/m3 
A '=/1.( i-E) - coefficient of thermal conductivity for porous solid media, WlrnlK, where 
E- void fraction (porosity) 
A - coefficient of thermal conductivity for the material, WlrnlK 
The maximum temperature is at r = r( 
• 2 
Tmax = T. + qG'i 
1 4A' 
Equation 4-39 
The mean value of the temperature (chamber temperature) can be obtained by integration of the 
Equation 4-38 (see Appendix B regarding the equation derivation): 
• 2 
T =T =T. + qG'i 
ch 1 8A' 
Equation 4-40 
The radial temperature distribution inside the thruster's casing and thermal insulation is derived as 
(see Appendix B regarding the equation derivation): 
[ ] In(r / r) T(r)=T(r;)+ T(r;+I)-T(r;) I 
In( '1+1 / 'I ) 
Equation 4·41 
4.2.3.2.4 Thermal Insulation 
Thermal insulation reduces heat losses out of the reaction chamber. Therefore, it is one of the 
critical elements of thruster design. 
With no thermal insulation during sea-level firing all of the heat passed through the thruster's casing 
is removed from side-wall by convection. This heat can be calculated using the following equation 
for convective heat transfer: 
Equation 4·42 
where qc - heat rate (power) removed from thruster's side-wall by convection, W 
h - convection heat transfer coefficient, (for free convection in air h = 6-30 W/m2/K) 
A - side-wall area, m2 
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Twall - temperature of outside surface of thruster's casing wall, K 
Tamb - ambient temperature, K 
Since the convection heat transfer coefficient is big, significant heat is lost out of thruster with no 
thermal insulation. 
Heat losses out of thruster can be reduced by application of thermal insulation using conduction or 
radiation. 
Thermal insulation using low-conductivity materials is a common way of heat losses reduction. 
Heat transfer due to conduction can be written as: 
Equation 4-43 
where q - heat rate (power) removed from thruster's side-wall by conduction, W 
A - conduction heat transfer coefficient, (typical values for insulating materials A = 0.02-5 
W/rn/K) 
A - side-wall area, m2 
r - thermal insulation radius, m 
T - thermal insulation temperature, K 
Comparing heat transfer coefficients in Equation 4-42 and Equation 4-43 as well as equations 
themselves one can find that h >.IL In addition, for conductive heat transfer A value is divided by dr 
making heat rate q even smaller. Since heat that can be removed by conduction is much lower, it is 
preferable for thermal insulation. 
Calculation of conductive thermal insulation is identical to the one described in section 4.2.3.2.3, 
except different conductive heat transfer A value for insulation material is applied. 
For one-layer conductive thermal insulation around cylindrical thruster's casing wall, heat loss per 
unit length can be written as (see Figure 4-20): 
Equation 4-44 
where q, - heat loss per unit length, W 1m 
T, - temperature of inside surface of thruster's casing wall, K 
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Tamb - ambient temperature, K 
R - the resistance to heat flow, m . KJW 
T11IIJX 
Tomb 
Figure 4-20: Cylindrical wall with thermal insulation. 
The resistance to heat flow with conduction and convection can be written as: 
Equation 4-45 
where h - convection heat transfer coefficient, W/m2/K 
AJ - conduction heat transfer coefficient for thruster's casing, (typical value for stainless 
steel ,..1= 45 WlrnlK) 
,..12 - conduction heat transfer coefficient for thermal insulation, WlrnlK 
For ground testing the optimum thermal insulation thickness can be found as it was demonstrated 
above. 
In vacuum heat can be transferred only by radiation. Therefore, for flight thruster radiation heat 
insulation may be designed (Figure 4-21). 
Radiation heat transfer for a grey body can be written as: 
Equation 4-46 
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where QR - heat loss by radiation, W 
Aj - side-wall area, m2 
a= 5.67xlO-8 W/m2/K4 - Stefan-Boltzmann constant 
Tj - temperature of inside surface of thruster's casing wall, K 
T2 - temperature of outside wall, K 
R" - radiation shield resistance to heat flow, dimensionless 
Figure 4·21: Radiation shields between concentric cylinders [SiegeI92]. 
For thermal radiation (that is diffuse by nature) radiation shield resistance for enclosures can be 
calculated as [Siegel92]: 
Equation 4·47 
where n - shield number 
Aii - shield surface area, m2 (for cylinder A = 2m-L where L is length, m, and r is radius, m) 
Cii - surface emissivity, dimensionless 
As it can be observed from Equation 4-47, radiation shield resistance increases with increasing 
number of shields and decreasing emissivity values but decreases with increasing radius. Therefore, 
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it is beneficial to use higher number of shields with lower emissivity values, and space them as close 
to each other as possible. 
Conductive 21-mm thick microtherm (A = 0.04 W/rn/K) thermal insulation around 20-mm o.d. 
thruster casing at 1000DC was compared to radiation shield of the same thickness made of 20 
screens having emissivity values (E = 0.3) vs. (E = 0.39) for thruster and outer thermal insulation 
walls. The outer thermal shield wall is assumed at 50DC. The calculation shows that 30% more heat 
escapes from the thruster through conductive shield vs. radiation one. 
Comparison of conduction to radiation shield for application in vacuum reveals that the last one is 
more efficient. The efficiency is more pronounced with increasing of shield radius. 
4.2.4 Hydraulic Analysis 
As it was mentioned earlier in this chapter (Equation 4-1), in order to achieve necessary thrust, 
required propellant mass flow rate through the nozzle must be supplied. 
Propellant mass flow rate through the nozzle can be determined as: 
where Pch - chamber pressure, Pa 
AIr - nozzle throat area, m2 
Equation 4-48 
c* - propellant characteristic velocity, rn/s. 
Whence, propellant mass flow rate through the nozzle requires certain thruster chamber pressure 
(Pch)· 
Total pressure drop for self-pressurising propulsion system is shown in Figure 4-22. For self-
pressurising system pressure downstream (on the right) is always lower than the upstream one (on 
the left). Hence, storage tank pressure (-52bar) is a maximum system pressure. It can be expressed 
as: 
Equation 4-49 
where Plank - tank (nitrous oxide vapour) pressure, Pa 
L1Pdyn - dynamic pressure drop, Pa 
L1Pline - pressure drop due to friction losses in lines (pipes, valves, elbows, etc.), Pa 
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Although they cannot be adjusted, they must be assessed to determine pressure drop required for 
regulator. 
Dynamic pressure drop can be expressed as: /)",PdYIl = ~ P u2 
where p - propellant density, kg/m3 
u - propellant velocity in feed lines, rnIs 
The rest of the terms (LlPline , LlPinj , Llpch) is due to friction forces acting in flow. All three are the 
attributes of a particular design. Pressure drop due to friction losses in lines and pressure drop due 
to injector losses (LlPline , LlPinj) can be assessed when feed system design is finalised and necessary 
documentation regarding local friction coefficients inside valves, pipes, etc. is received. Such 
analysis is well developed and described in details in literature under the subjects of hydraulics, 
fluid mechanics, flow, etc. [Humble95, Lee97, Mottn, Shames92]. This detailed analysis of feed 
system is, however, beyond the scope of this thesis. Therefore, in this chapter the further pressure 
drop analysis is restricted to pressure drop inside thruster's chamber, i.e. to chamber pressure drop 
or pressure drop through catalyst pack. 
Chamber pressure drop determines upstream pressure necessary to achieve required chamber 
pressure: 
Pups/ream = Llpch + Pch 
Equation 4-51 
where Llpch - chamber pressure drop or pressure drop through catalyst bed, Pa 
pups/ream - upstream pressure, Pa 
Inside nitrous oxide monopropellant thruster chamber pressure drop is associated with inflow 
friction while gas passing through catalytic bed. Thruster wall friction is neglected since its 
magnitude is much less than friction by catalyst bed. 
Literature [Missen99, TreybalSl, NaumanS7, RoseSl] suggests that the pressure drop suffered by 
single fluid in following through a bed of packed solids such as spheres, cylinders, gravel, sand, etc. 
when it alone fills the voids in the bed can be calculated by Ergun equation: 
dp P V,2 1-£[150(1-£) ] 
- = -----3- + 1.75 
dz d p c- Re 
Equation 4-52 
where P - pressure, Pa 
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z - coordinate along the thruster axis of symmetry, m 
p - propellant density, kg/m3 
VI - superficial mean velocity of propellant, i.e. the velocity the fluid would have if the 
tube were empty, rn/s 
dp - diameter of the packing, m 
E- void fraction (porosity) 
pVsd p Re - Reynolds number, Re = ---"-
1] 
where 1] - propellant viscosity, Pa s 
Diameter of the packing (dp) is the effective diameter of the particles, the diameter of a sphere of the 
same surface/volume ratio as the packing in place. Therefore, for spherical particles dp is a diameter 
of sphere. For non-spherical particles: d = 6(1- £) p , where ap is particle specific surface: 
Q p 
A 
Q = -p , where Ap and vp are particle surface area and volume, respectively. 
p v 
p 
This equation can be applied equally well for flow of gases and liquids. The term before the 
brackets is a friction factor. The terms in the brackets represent contributions to the friction factor, 
the first for purely laminar flow, and the second for purely turbulent flow. There is a gradual 
transition from one type of flow to the other as a result of the diverse character of the void spaces, 
the two terms of the equation changing their relative importance as the flow rate (Reynolds number) 
changes. 
Ergun's correlation is known to be very conservative (i.e. it predicts higher pressure drops than are 
achieved) but no more suitable correlations are available in literature [Rose8l]. 
Therefore, Ergun's equation is used for chamber pressure drop calculation. The schematics of 
calculation is shown in Figure 4-23. 
Propellant density can be found from perfect gas law: 
where p - pressure, Pa 
p - propellant density, kg/m3 
R p=p-T 
Jl 
Equation 4-53 
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pressure drop through catalyst pack (Llprh) can be calculated as a step function. Given chamber 
pressure (Prh), LlPrh must be adjusted through iterative calculations to fit in Equation 4-51. 
4.2.5 Stress Analysis 
Stress analysis is required to optimise flight thruster mass. Since the thruster is a pressure vessel, 
then for experimental purposes it must ensure safe operation. Therefore it must ensure against 
vessel rapture by accidental maximum pressure rise. Maximum pressure can occur as a result of 
nitrous oxide pressure system failure. In this case maximum pressure inside thruster is equal to 
nitrous oxide vapour pressure (-52bar). 
Thruster's casing can be treated as a thin cylindrical shell (Figure 4-24). The stress set up in 
the walls of a thin cylinder owing to an internal pressure Pch are [Hearn85]: 
P ch d ch • ~ • I h ..:.....:;.;.:.......::.~ - Clfcumlerentla or oop stress 
2tw 
Equation 4-55 
i"r __ Prhdrh 
v ..:.....:;.;.:.......::.~ - longitudinal or axial stress 
L 4t 
w 
Equation 4-56 
Figure 4-24: Half of the thin cylinder subjected to internal pressure showing the hoop and longitudional 
stresses acting on any element in the cylinder surface. 
Dividing Equation 4-55 by Equation 4-56, 
Equation 4-57 
Hence, the circumferential or hoop stress is the limiting stress for this type of shell. 
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To avoid the destruction of the shell by internal pressure the circumferential or hoop stress should 
never exceed the yield stress of construction material. 
Whence, thruster's wall thickness is calculated as: 
Equation 4-58 
where RF - design safety factor 
Pch - chamber pressure, Pa 
dCh - chamber diameter, m 
OJ - yield stress of construction material, Pa. 
The design can be considered as a safe one if stresses generated in the design do not exceed the yield 
stress of construction material. 
4.3 Conclusion 
Catalytic decomposition is one possible in-orbit start-up technique for nitrous oxide propulsion. The 
innovative concept is suggested for nitrous oxide monopropellant thruster. The comprehensive 
theoretical background for analysis of the thruster's performance and design features is given. It 
demonstrates understanding of the phenomena inside the thruster. The thruster performance can be 
modelled. Two main parts of the thruster's performance and design features analysis (the smallest 
nozzle and reaction chamber) are developed by the author especially for the advanced small satellite 
propulsion applications. Both of them deal with low-thrust propulsion limitations. The small nozzle 
performance modelling (section 4.2.2.1) led to the derivation of Equation 4-13 - a new form of 
momentum thrust Equation 4-12. This equation derived by the author gives the true insight into the 
role both the flow friction losses and chamber pressure play in nozzle thrust performance. The 
reaction chamber modelling (section 4.2.3.2.1) led to the development of Equation 4-37 for the 
smallest possible chamber diameter required to support self-sustaining chemical reaction. 
The analytical models developed in this chapter are for later use in chapter 6. 
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Chapter 5. Nitrous Oxide Monopropellant Research 
Electric circuit (Figure 8-3 of Appendix C) containing two resistors in parallel is used to measure 
heater power by reading voltage drop. 
5.5 Test Procedure 
The test procedure for nitrous oxide catalytic decomposition test is given in Appendix C. 
5.6 Conclusions 
The extensive practical development work has been undertaken to support experimental verification 
for the analytical modelling of the first nitrous oxide monopropellant thruster presented in chapter 4. 
This work contributed towards the research presented in the next chapter. 
This practical experience is useful, and can be applied by the other researches. In fact, the test set-
up, equipment, software, and test procedure was used for vacuum test of butane resistojet that is 
under development at Surrey Space Centre. 
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The practicality of the higher flow, self-pressurising nitrous oxide feed system with no heating was 
further assessed by other UniS' researcher for application in -150N-thrust hybrid rocket motor 
[HaagOl]. During the field test liquid nitrous oxide was drawn out of 3-litre stainless steel tank. 
The test results for three consecutive runs are presented in Figure 6-5. These results demonstrate 
that mass flow rates ~20gmls cannot be supported by self-pressurising nitrous oxide feed system. 
6.3 Decomposer 
The primary research objective was concentrated on nitrous oxide decomposition inside the reaction 
chamber filled with catalyst (decomposer). 
In order to design a catalytic decomposer for nitrous oxide one has to decide on: 
• Nitrous oxide decomposition catalyst 
• Pack geometry - defines catalyst pack shape and size 
• Mass - defines catalyst loading 
• Propellant throughput - defines amount of propellant passing through a catalyst pack 
• Heater (catalytic wire) design - heater's shape, size, and material 
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• Power input into a heater for decomposition initiation 
• Pressure drop 
Based on the experience obtained the design recommendations are given below. 
6.3.1 Catalysts 
More than SO different catalysts were tested for nitrous oxide decomposition. The most complete 
record of these catalysts is given in Appendix D. Several iridium, platinum, and nickel oxide 
catalysts on different oxide substrates donated by the chemistry department are not listed in this 
table for two reasons. 
• The information about the catalysts is considered to be a proprietary one. 
• The catalysts did not show good activity in nitrous oxide decomposition. 
Among the listed catalysts three identified as the most promising ones. 
• Mix of nickel oxide (NiO) pieces with nickel oxide coated zirconia (Zr02) pieces 
• Iridium oxide (Ir02) coated gamma alumina (y-Ah03) pellets (Shell40S and LCH-212) 
• Rhodium oxide (Rh20 3) coated gamma alumina (y-Ah03) pellets 
High nitrous oxide decomposition temperature above IS00°C was achieved using mix of nickel 
oxide with nickel oxide on zirconia. During two consecutive tests of this catalyst the temperatures 
as high as 1288°C and IS38°C were recorded respectively. However, since the activation 
temperature is high (SOO°C) the decomposition initiation requires a lot of heating. In addition, since 
the rest of the parts of concurrent design were made of stainless steel tests always ended up with a 
failure of heater or stainless steel gauze screen holding catalyst downstream. It is suspected that 
chemical reaction of oxidation of stainless steel is indeed responsible for the highest temperature 
reading. Another difficulty is the fact that the catalyst is homemade. The manufacture process 
includes baking of the catalyst pellet, and then breaking it by smashing in pieces. Such a crude 
process provides catalyst pieces of irregular shape and size. Therefore, there is no control over 
catalyst surface. The difficulty of obtaining repeatable results with such a catalyst is anticipated. 
For those reason this catalyst is temporary abandoned until the development of technology capable 
of manufacturing of predictable surface area catalyst. 
Both Shell40S and LCH-212 are very active catalysts for nitrous oxide decomposition. Due to high 
content of catalyst material (36% iridium oxide) on alumina substrate this catalyst is capable of 
supporting high flows of nitrous oxide. The activation temperature of these catalysts is between 
400-4S0°C. At temperatures above 1 100°C iridium oxide catalytic material sublimates and is blown 
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While nitrous oxide mass flow rate (m ) stays in both tests somewhat constant, the heat transfer area 
(A chs ) increased in test 133. This increase must be compensated by corresponding decrease in 
temperature difference (flD in test 133 to keep the balance. Although this decrease occurs for both 
temperatures (Tch and Twnu) since the same heat generated in a bigger volume, the chamber 
temperature (Tch ) drops faster. This can also be illustrated by application of Equation 4-37: 
Equation 6-4 
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Figure 6-9: Axial temperature profiles for a catalyst pack. 
The equation shows that increase in chamber length (lch) would require decrease in the temperature 
term on the left. This decrease is only possible if the chamber temperature decreases. The chamber 
temperature decrease occurs faster than the wall one since the chamber temperature is a square 
function. 
The optimum catalyst pack length is between 40 and 50mm (closer to 40mm). Overall, the 
experimental results presented above correspond well to the predictions made in section 4.2.3.2.2. 
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A · . I 2 - wire cross-sectlOna area, m 
Since material resistivity increases with temperature power changes when the wire heats up. After 
experimenting with the wires, it was found that 350-mm length is enough for efficient supply of heat 
to a catalyst. Stainless steel wire of O.6mm diameter and Nickel/Chromium wire of O.4mm diameter 
were found to work fine for 30W power applied at voltage drop of 6.5V (4.6A) through the wire. 
This is within favourable regime of UoSAT power supply operation. Thinner (O.OI2-0.250mm 
diameter) Platinum/Rhodium and Rhodium wires require higher currents (7-SA) in order to emit the 
same power due to their low resistivity. 
Table 6-1 lists metals and alloys successfully used for nitrous oxide decomposition initiation 
(catalytic wires). Due to their relatively low melting points and oxidation resistances stainless steel 
and nickel/chromium alloy wires have short lifetime (few firings), and, therefore, require frequent 
replacement meanwhile rhodium and thermocouple wires have long lifetime due to their high 
melting points and oxidation resistances. However, low electrical resistances of rhodium and 
thermocouple wires require higher electric currents that are inconvenient to supply. In addition they 
are much more expensive. Since stainless steel and nickel/chromium alloy wires are cheap, they are 
used for tests. For flight model of the thruster thermocouple wire is recommended. Although 
giving the best performance rhodium wire is hard, and difficult to obtain. 
Table 6-1: Catalytic wires. 
Wire Material Melting point °C Advantages Disadvantages 
Rhodium 1966 Very good catalytic activity Low electric resistance 
High melting point Hard 
Oxidation resistant at high Very expensive 
temperature 
PlatinumlRhodium Good catalytic activity Low electric resistance 
thermocouple wire High melting point, Malleable Expensive 
(70%PtJ30%Rh; 1920-1930 Easy available 
87%PtJ 13%Rh; 1840-1865 Oxidation resistant at high 
94%PtJ6%Rh) 1825-1835 temperature 
Nickel/Chromium High electric resistance Relatively low melting point 
alloy (80%NiJ20%Cr) Easy available Inexpensive Low oxidation resistance at 
1400 Malleable high temperature 
Stainless steel 1350 - 1500 Good electric resistance Relatively low melting point 
Easy available Inexpensive Low oxidation resistance at 
Malleable high temperature 
6.3.4 Power Input 
Power input required for self-sustaining decomposition depends on nitrous oxide mass flow rate 
through the reaction chamber, etc. It is discussed in more detail in section 6.4. 
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6.3.5 Pressure Drop 
Pressure drop through the catalyst bed was estimated by Ergun equation (Equation 4-52) presented 
in section 4.2.4. Data used for the simulation are given in Table 6-2. The results are in a good 
agreement with experimental data obtained during test 242 (Table 6-3). 
Despite an excellent match in the results the author suspects that over-prediction caused by 
conservative estimates inherent for Ergun equation compensated for unaccounted pressure drop due 
to pellet-holding screens and heater in the actual catalyst pack. Overall, based on these results, 
Ergun equation is recommended for pressure drop assessment in the catalyst pack. 
Table 6-2: Data for simulation of pressure drop through randomly packed spherical particle catalyst 
bed. 
Packing Random (spheres) 
Porosity (assumed) 0.36 [BBCOO] 
Particle (sphere) diameter, mm 1.5 
Pack size 
Length, mm 50 
Diameter, mm 20 
Condition 
Pressure (choked design), bar 3.25 
Temperature, °C 650 
Gas (nitrous oxide) viscosity (@600°C), Pa s 2.74xlO-5 [CRC94] 
Mass flow rate, gmls 0.69 
Table 6-3: Pressure drop through the catalyst pack 
Parameter Calculation 
Pressure Dro 0.03016 
6.4 Decomposition 
6.4.1 Flow-Controlled Self-Sustaining Decomposition 
The ability of nitrous oxide decomposition reaction control by changing the flow rate of the gas was 
demonstrated (Figure 6-11). During the test after power cut-off, temperature on exhaust flow of the 
gas was changed up and down, and up and down again by varying nitrous oxide flow rate_ Figure 
6-12 shows how the measurements were taken_ Figure 6-13 shows that despite significant 
differences in input power exhaust flow gas temperatures tend to saturate at the same temperature. 
This suggests that the final (steady-state) exhaust gas flow temperature of decomposition reaction 
products for each particular design is a function of nitrous oxide mass flow rate only. Figure 6-14 
demonstrates that higher mass flow rates correspond to higher temperature of exhaust gas flow. 
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Figure 6-15: Exhaust gas flow temperature of decomposition reaction products as a function of nitrous 
oxide mass flow rate. (tests 65, 68, 70, 74, 84) 
The data analysis shows (Figure 6-15) that the relationship is linear within flow rate range tested. 
This relationship corresponds to the following equation: 
T decomposition = A m + B 
Equation 6-5 
where A and B are experimental coefficients 
A = 6974.144 
B = 440.783 
m - mass flow rate, gm/s 
Applying the analysis similar to the one described earlier in section 4.2.3.2.1, the conservation of 
heat rates is written: 
Equation 6-6 
where Qg - heat generation rate inside the reaction chamber, W 
Qhl - heat transfer rate out of the reaction chamber, W 
The equation for heat generation inside the chamber due to the decomposition reaction is: 
Equation 6-7 
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where H or - specific enthalpy of chemical reaction, J/kg 
The rate of the heat loss out of the thruster is: 
Equation 6-8 
where h - heat transfer coefficient, W/m2/K 
!1T = Tdecomposition - Twall 
Combining Equation 6-6, Equation 6-7, and Equation 6-8 and solving them for the decomposition 
temperature gives: 
T ~H;. T 
deromposition = --m + wall hA
chs 
Equation 6-9 
Comparing Equation 6-9 to Equation 6-5 the coefficients A and B can be found as: 
and B = Twall' K 
Whence, the experimental results can be well explained by the theory. 
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Figure 6-16: Monopropellant thrust for tested nitrous oxide mass flow rate range. 
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The range of validity of this equation is, however, limited. It is related to occurrence of self-
sustaining decomposition inside the catalyst bed. Upper theoretical limit is adiabatic temperature of 
nitrous oxide decomposition (l640°C). Upper practical limit is a maximum flow the design 
supports. At the maximum flow nitrous oxide is still given enough time to react while in a catalyst 
bed. Lower theoretical limit is a catalyst activation temperature. Lower practical limit is a 
minimum flow the design supports. The minimum flow supplies the amount of nitrous oxide merely 
enough to support self-sustaining decomposition. 
For the tested mass flow rates the monopropellant thrust for the current design would range from 30 
to 100mN (Figure 6-16). 
6.4.2 Input Power for Nitrous Oxide Decomposition 
Although the value of decomposition temperature at steady-state is practically unaffected by input 
power, its transient value (and, thus, start-up time) depends on power input. In Figure 6-17 higher 
power inputs correspond to steeper temperature rise during transient (and, thus, shorter start-up). 
The transient temperature value is higher for higher power input. This relationship is not easy to 
quantify since during the test heating cycle overlaps with nitrous oxide flow injection. Therefore, 
although electric power input can be easy obtained in experiment, the amount of heat coming from 
nitrous oxide decomposition is unknown at present. 
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Figure 6·17: Transient value of decomposition temperature vs. power input. 
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6.4.3 Stay -time 
Stay-time is the time required for the reactant (nitrous oxide) to fully convert (decompose) into the 
reaction products on its way through the catalyst pack. As it was mentioned earlier in section 
4.2.3.2.1 of this thesis, stay-time can be written as: 
Equation 6-10 
where lch is catalyst pack length, m 
u - propellant velocity, mls 
The stay-time provides an alternative, simpler way for estimation of the catalyst pack length in 
comparison to reaction rate discussed in section 4.2.3.1. 
The stay time of 0.067s for nitrous oxide decomposition in the catalyst bed was determined from the 
test 49 given in Figure 6-7. 
6.4.4 Catalyst Lifetime and Number of Restarts 
Although no special catalyst endurance test was performed, the data regarding catalyst lifetime and 
number of restarts was retrieved from the test records. A series of tests (starting with test 93 and 
stopped at test 166) was conducted for the same catalyst (1 %Rh20 3 coated gamma alumina pellets). 
During the test sequence of 49 restars (from ambient to operation temperature) were performed on 
the catalyst. The cumulative time of catalyst operation was 15h:20min. This includes 9hours of 
catalyst operation at the exhaust temperature measured above 600°C, that comprises 8h:20min. of 
catalyst operation at the exhaust temperature measured above 700°C. It is worth to mention that the 
catalyst was still active by the end of the test sequence. 
During the tests it was determined that the catalyst lifetime is a function of the operation 
temperature. Catalyst endurance test (Figure 6-18) was conducted to determine catalyst (3%Rh20 3 
coated gamma alumina pellets) deactivation over time at high operation temperatures. In the test 
gas exhaust temperature at the end of the catalyst pack was above 900°C for Ih: 15min. before the 
performance finally dropped. After test analysis of catalyst suggested that the pellet temperature 
was between II 00 and 1200°C. 
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Figure 6-18: Catalyst endurance test. 
6.S Challenges 
Despite these achievements, two major challenges were revealed. Both of them are associated with 
choice of high temperature materials. 
The first challenge is due to high temperature generated inside decomposition chamber. This 
temperature is enough to melt stainless steel casing (Figure 6-19). Application of refractory 
materials in the design is presently not considered because they are difficult to manufacture and 
expensive. Lowering the process temperature is unfavourable because it sacrifices thruster 
performance. Application of alumina ceramics was found promising for high temperature casing 
design. However, additional tests comprising both thermal and mechanical stress loads need to be 
carried out before the final conclusion can be made. The future designs involving ceramics will 
require careful consideration of thermal expansion coefficients. 
The second challenge is associated with high temperature (> 1100°C) instability of the catalyst 
materials. The literature search on nitrous oxide decomposition catalysts provided no answer for the 
problem. Since practical applications for nitrous oxide decomposition catalysts are currently limited 
to environmental outlooks rather than power generation the maximum explored temperatures did not 
exceed 800°C. It is also believed that above this temperature homogeneous (or thermal) 
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• Nickel, cobalt and iron react with alumina or magnesia substrates forming spinels (complex 
oxides) 
Recent literature search for high-temperature stable catalysts [Arai96] revealed alumina-based 
materials, hexaaluninate, as a thermally stable combustion catalyst supports, which can be used 
above l200°e. Several other thermally stabilised alumina and magnesia catalysts were reported 
suitable for high-temperature (> l200°C) applications [Arai96]. This information makes the author 
of this thesis optimistic regarding the application of these materials as stable catalyst substrates for 
high-temperature nitrous oxide decomposition. 
6.6 Monopropellant Thruster Modelling 
Using the experience gained during the research the future nitrous oxide monopropellant thruster 
can be modelled following the procedure suggested below. 
Given the thrust value F, nitrous oxide mass flow rate can be determined as (see Equation 3-3 and 
Equation 4-1): 
m=~= O.15N =1O-4 kg/s 
Ispg 150s ·9.81m/ s 
Equation 6-11 
The specific impulse value can be determined from Figure 4-2 assuming the chamber temperature. 
Since the chamber temperature is currently limited by thruster chamber construction and catalyst 
materials (section 6.5), the reasonable value may be assumed as -lOOOoe taking in account these 
considerations. However, taking in account the catalyst life-time (section 6.4.4) the practical 
temperature value is recommended to be -800°e. This value corresponds to about 150s of specific 
impulse value in the figure. Therefore, determining the thruster's chamber operational temperature, 
the thruster-specific impulse performance is determined. 
Nozzle throat temperature can be calculated using isentropic process assumption: 
2 2 T,h = T,'h -- = 1073K "" 894K 
r + 1 1.4+ 1 
Equation 6-12 
where yis specific heat ratio of the reaction products 
Whence, sonic velocity in the nozzle (see Equation 4-4): 
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R 
yth-T,.h 
lith 
1.4 8.314411 I moll K 894K :::: 486ml s 
O.044kg I mol 
Equation 6·13 
where J.1th is molecular mass of the reaction products in the nozzle throat, kg/mol 
R - ideal gas constant, J/mollK 
Determined operational chamber temperature, the other chamber operational condition - pressure 
has to be decided on. Chamber pressure determines the thruster's chamber and nozzle throat sizes, 
etc. as it is discussed in sections 4.2.2.1 and 4.2.3.2.l. The optimum value of the operational 
chamber pressure depends on the trades (for example, maximum nozzle thrust efficiency, etc.) and 
decisive factors (for example, minimum nozzle throat size the available technology can provide, or 
minimum reaction chamber size, etc.) considered. Although different optimum pressure values are 
possible the author suggest using 3bar pressure in this example because this value was 
experimentally verified (see section 6.3.5). 
Knowing the chamber pressure, chamber density can be calculated using ideal gas law: 
_liP,.h _O.044013kglmol.3x105Pa_148k I 3 
P,.h - - -. g m 
RTch 8.314411 I moll K ·1073K 
Equation 6·14 
Knowing the chamber density, nozzle throat conditions can be calculated. 
The flow density in the nozzle throat can be calculated using isentropic process assumption as: 
( 
2 )r~1 ( 2 )1 LI Pth = P h -- = 1.48kg I m 3 ':::: O.94kg 1m 3 
c y + 1 1.4 + 1 
Equation 6·15 
Now, nozzle throat area can be calculated using continuity Equation 4-3: 
A liz 10-
4 kg I s 2 -7 2 
h =--= = x10 m 
t Pth Vth O.94kg I m
3 486ml s 
Whence, the nozzle throat diameter: 
~4Ath d = -= 
Ih 7r 
Equation 6·16 
4.2xlO-7 m 2 
----- = O.00053m :::: O.5mm 
3.14 
Equation 6·17 
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This diameter is within the range that conventional machining (drilling) technology can provide. 
The nozzle throat Reynolds number can be determined to assess the viscosity effect on the flow. 
Re = Pth Vthd th 
'1Jth 
0.94kg / m 3 486m / s 5 X 10-4 m :::: 5711 
4xlO-5 Pas 
Equation 6-18 
This Reynolds number is still high enough to not consider boundary-layer blockage problem. 
Therefore, for this nozzle design there is no need in application of the viscous model in section 
4.2.2.1. 
The convergent part of the nozzle is a 45° half-angle cone. A diverging part of the nozzle is 15° 
half-angle cone. The nozzle expansion ratio is 200 so that the exit diameter is: 
d exit = dthJi = 0.5mm~200 :::: 7.1mm 
Equation 6-19 
Whence, the length on the divergent part of the nozzle is: 
1 = d exit - d th = 7.1mm -0.5mm :::: 12.3mm 
noz 2 tan a 2 tan 15° 
Equation 6-20 
Now the thruster chamber size can be determined. For the monopropellant thruster its minimum 
chamber size is determined by the size of the catalyst pack for nitrous oxide decomposition. For this 
purpose the author recommends on using his model presented in section 4.2.3.2.1 as a first 
approximation. The results of the calculation are given in Table 4-3. Since the minimum chamber 
diameter calculated by Equation 4-37 (13.3mm) is only slightly smaller than the one (inner 015mm) 
of test design #3 shown in Figure 5-3, it is valid to use 015mm as a basis for the further 
calculations. 
The loading factor for the catalyst pack can now be calculated: 
Equation 6-21 
This loading factor is well within the range reported in section 6.3.2, and thus, is practical to 
support. 
Once the diameter has been determined, the propellant average velocity through the chamber can be 
calculated using continuity Equation 4-1: 
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m 
u=---
Peh Aeh 
Equation 6-22 
Whence, the catalyst pack length can now be determined by using stay-time concept presented in 
section 6.4.3: 
leh = u tstay = 0.382m1s 0.067s = 0.0245m - 24.5mm 
Equation 6-23 
Therefore, the actual catalyst pack sizes are slightly bigger than the minimum one predicted by the 
theoretical model in section 4.2.3.2.1. This is an expected and reasonable result. 
On the whole, the optimisation of the catalyst pack size is an iterative process. For this reason if the 
results obtained by the above procedure are in conflict, the chamber diameter should be adjusted. In 
general, the increase on the chamber diameter decreases propellant chamber velocity and thus 
length, and vice versa. 
Table 6-4: The pressure drop through the catalyst pack. 
Packing Random (spheres) 
Porosity 0.36 
Particle diameter, mm 1.5 
Pack size 
Length, mm 24.5 
Diameter, mm 15 
Condition 
Pressure, bar 3 
Temperature,OC 800 
Gas viscosity, Pa s 2.74xlOos 
Mass flow rate,Amls 0.1 
Result 
Pressure Drop, bar 0.00235 
The pressure drop through the catalyst pack can be determined by 
in section 4.2.4. The input data for calculation and resulting pressure drop are given in Table 6-4. 
This model has been verified as reported in section 6.3.5. 
The catalyst loading can be determined since its density (Peat = 1197kglm3) is known. 
The catalyst pack volume is: 
3.14( )' Vch =-- O.015m - ·O.0245m=4.3xlO-6 m 3 4 
Equation 6-24 
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Whence, 
Equation 6-25 
Random packing void fraction (E = 0.36) is assumed. 
The thruster's casing wall thickness can be calculated using stress analysis given in section 4.2.5. 
Due to safety concerns the MEOP for the thruster has been chosen -74bar in the case its chamber is 
exposed to nitrous oxide pressure at the gas' critical point (see Figure 2-4). Since at present 
stainless steel is considered as a thruster's casing material, then: 
t = Pch • d Ch 
w 2. (j 
y 
where oy is yield stress. 
= 74x105 Pa·O.015m = 6.4x1O-5 m =6.4x1O-2 mm 
2·8.62x108 Pa 
Equation 6-26 
This result is beyond the limit of technologically attainable wall thickness. The reasonable wall 
thickness is about Imm giving the design safety factor of about 16. Therefore, this design can be 
considered as a safe one. 
Power generated inside the thruster can be found by Equation 4-27 using the data given in Table 
4-3: 
011 = 10-4 kg I S ·1.237x106 J I kg = 123.7W 
Equation 6-27 
Whence, volumetric rate of heat generation is: 
. QII 123.7W 7 3 qG =-= 6 3 =2.857x1O Wlm V
ch 4.3x1O- m 
Equation 6-28 
Now the inside wall temperature of the thruster's casing can be calculated using Equation 4-40: 
Equation 6-29 
Maximum temperature can be calculated by Equation 4-39 (see Figure 4-20): 
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Equation 6-30 
The heat loss per unit length is: 
_ Qg _ 123.7W _ 5049WI ql --- - m 
lell O.0245m 
Equation 6-31 
Modifying the thruster's outside wall temperature can be found as: 
T2 = T, _!l.!...~ In deh + 2tw = 956K _ 5049W 1m 1 In O.OI7m "" 954K 
I 21r Al d
eh 2·3.14 45W I ml K O.OI5m 
Equation 6-32 
The temperature of outside wall of 20mm-thick alumina (porosity = 0.7) thermal insulation can be 
calculated as: 
T3 = T - !l.!..._1 In d 2 + 2· O.Olm = 954K _ 5049W I m 1 In O.057m "" 297 K 
2 21r ..12 d 2 2·3.14 1.48W I ml K O.OI7m 
Equation 6-33 
Radiation shield can be calculated for using Equation 4-47 for vacuum thruster firing. The results of 
the calculation show that 5 radiation shields will reduce irradiated power losses to 10% assuming 
emissivity coefficient = 0.3. 
With the completion of radiation shield calculation, the thruster performance and the main design 
features analysis is complete. 
6.6.1 Provisional Design for Flight Thruster 
The summary of the analysis and experimental results is given in Table 6-5. 
For flight qualification of the thruster thrust measurements have to be taken during vacuum firings. 
There is a concern that in vacuum after thruster firing hot catalyst may sublimate from the substrate 
surface and redeposit itself on other thruster parts or escape the thruster. The sublimation of the 
catalyst would lead to its deactivation. Therefore, the effect of vacuum on the catalyst performance 
has to be studied to ensure reliable thruster restarts. 
A provisional design of future nitrous oxide monopropellant thruster is given in Figure 6-21. 
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6.7 Conclusions 
The up-to-date results of experimental work performed at UniS during the study of nitrous oxide 
catalytic decomposition for space propulsion applications are presented in this chapter. The results 
summarised above are unique and novel, "the firsts of their kind", since never before nitrous oxide 
catalytic decomposition was studied for the purpose of heat and thrust generation. 
The major research program achievements are the following: 
• The concept of catalytic decomposition was proven feasible for application in restartable nitrous 
oxide monopropellant thruster. 
• The concept of nitrous oxide bipropellant thruster employing catalytic decomposition was 
proven feasible. 
• The practicality of achieving high process temperature (>lSOO°C) by catalytic decomposition of 
pure nitrous oxide was demonstrated. 
• The feasibility of self-pressurising feed system for suggested low-thrust nitrous oxide 
monopropellant was confirmed. 
• A number of catalysts were identified applicable for nitrous oxide decomposition inside a 
decomposer. 
• Knowledge about loading factors for nitrous oxide decomposer was gained. 
• Axial temperature profile application was validated for identification of catalyst pack optimum 
length. 
• Knowledge regarding catalyst heater design was obtained. 
• Applicability of suggested model for assessment of pressure drop through the catalyst was 
proven. 
• Knowledge that at steady-state nitrous oxide decomposition inside the decomposer is flow-
controlled process was gained. 
• Knowledge regarding input power impact on nitrous oxide decomposition start-up inside the 
decomposer was obtained. 
• Knowledge regarding catalyst performance (lifetime and number of restarts) was acquired. 
• Challenges associated with high-temperature nitrous oxide decomposition were learned. 
• Performance of the nitrous oxide monopropellant thruster was modelled. 
Overall, understanding regarding nitrous oxide catalytic decomposition process inside the 
decomposer is gained during the research. The results demonstrate that nitrous oxide decomposition 
inside the decomposer can be repeatedly initiated, successfully controlled, and modelled. 
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Chapter 7 
7 Future Work 
The future research areas for further investigation have been identified. These areas depend on the 
final research goal. The ultimate research goal is to investigate nitrous oxide propulsion option for 
small satellite applications. This topic, however, is too broad to be discussed in details in this thesis. 
Therefore, the major research areas are identified briefly as: 
• System analysis for further investigation of advantages of nitrous oxide multi-mode propulsion 
system for small space vehicle 
• Identification of new space applications for nitrous oxide 
• Investigation into maximum nitrous oxide mass flow rates (maximum thrusts) that can be 
supported by self-pressurising feed system 
• Further investigation into catalytic decomposition of nitrous oxide for future application in 
restartable monopropellant thruster 
• Further investigation into nitrous oxide bipropellant thrusters 
Since nitrous oxide catalytic decomposition is an enabling technology for future monopropellant and 
bipropellant thrusters the author suggests concentrate first on this area. Despite the significant 
progress achieved up-to-date in investigation of catalytic decomposition of nitrous oxide, the further 
work is required to gain full understanding of phenomena: 
• Different pack diameters have to be tested filled with the same length of the same catalyst to 
find out what is the effect of different reaction chamber diameter on decomposition process. It 
is currently expected that bigger diameter decomposers are more efficient at steady-state 
because heat generation increases faster than heat loss with the size. The bigger diameter 
decomposers will be able to support higher flows. However, at start-up bigger diameter 
decomposers will need more power to pre-heat the catalyst due to heat dissipation. For the same 
mass flow rates propellant velocity inside the bigger decomposer is lower, thus its stay-time 
inside the decomposer increases. 
• The effect of catalyst pack geometry can be studied by filling the same amount of the same 
catalyst in two different diameter packs. By comparison the performance of these packs the 
optimum length-to-diameter ratio for the decomposer can be approached. This ratio is expected 
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to be close to the lowest ratio of catalyst pack volume-to-surface since in this case the balance 
between heat generation and loss is maximum. 
• The effect of catalyst loading can be quantified more precisely by comparison of the same 
decomposer performance filled with the same amount of catalyst (but with different percent of 
catalyst material deposited). The higher is the catalyst material loading the more efficient the 
decomposer is expected to be. 
• Different heater designs and shapes can be investigated for more efficient heat input to catalyst. 
Spiral shape heater is expected to be more efficient. 
• The effect of chamber pressure on the decomposition process has to be studied to identify 
optimum chamber pressure. Higher chamber pressure increases heat generation. However, the 
reaction equilibrium shifts from the reaction products according to the Le Chatelier's principle. 
• Performance of new catalysts may be investigated to enhance the performance of the 
decomposer. As a result of the catalyst tests two main areas in the future research were 
identified. 
o The one is nitrous oxide decomposition catalyst with low activation temperature. 
The lower is catalyst activation temperature, the bigger the power savings are. In 
other words, the goal is to find a catalyst that will decompose nitrous oxide at 
ambient temperature. 
o High temperature (llOO-1600°C) stable catalyst to achieve high thruster 
performance. 
The information obtained from these tests can be used for improvement of the existing model for 
nitrous oxide monopropellant thruster performance evaluation. 
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Chapter 8 
8 Conclusions 
This chapter summarises the results presented in the above chapters of this thesis. These results 
represent an experience collected in the area during three-year Ph.D. research programme. 
Analysis of the requirements and constraints specific to small satellite propulsion systems suggested 
that liquefied gases (nitrous oxide in particular) were the preferred propellants for small satellites. 
As part of this analysis "system-specific impulse" and a new metric "propellant storage specific 
volume" combined with a re-arranged form of the ideal rocket equation were used for propulsion 
systems' characterisation. This approach has proved to be a much more accurate method of 
assessing real propulsion system performance. 
Extensive background information regarding nitrous oxide properties, storage, handling, and 
applications was reviewed and has shown that nitrous oxide is safe, low cost, suitable, and may be 
catalytically, exothermically decomposed. These properties benefit towards its use as multi-purpose 
propellant for advanced small satellite. Multi-mode propulsion system concept employing nitrous 
oxide as a propellant was proposed for a small satellite and demonstrated to be beneficial in both 
mass and volume over a wide range of operation scenarios. 
As a part of multi-mode propulsion system concept, novel monopropellant thruster concept 
employing nitrous oxide catalytic decomposition technique was developed, and is beneficial, low 
input power option for the advanced small satellite. 
Test apparatus, set-up, equipment and instrumentation, test procedure, acquisition and data 
processing systems were developed to support the testing. 
More than 250 nitrous oxide catalytic decomposition tests were performed to gain necessary 
experience on the subject. Catalytic decomposition technique suggested was proven feasible for the 
restartable nitrous oxide monopropellant. Catalysts, heater design, and thruster materials suitable 
for nitrous oxide decomposition are identified for future application in the monopropellant thruster. 
The catalyst was found capable for 15hours of operation with 49 restart cycles. This result is 
promising for application in the thruster to be used for station-keeping and phasing propUlsion 
functions on small satellite. 
The analysis of the collected experimental data yielded the following results: 
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Input power and energy required for self-sustaining nitrous oxide decomposition were determined, 
and currently found suitable for micro-satellite platforms. 
The method involving loading factors and axial temperature profile for nitrous oxide decomposition 
is developed, and found useful for the catalyst pack sizing. 
Pressure drop through nitrous oxide catalyst pack was successfully predicted by Ergun' s equation, 
and is found within feed system operational limits. 
Nitrous oxide decomposition was found to be flow-controlled, and thus, the monopropellant thruster 
can be successfully managed in-orbit. At a constant pressure the steady-state temperature of nitrous 
oxide decomposition is a linear function of nitrous oxide mass flow rate (T = A rh + B). 
The start-up transient value of the temperature was found to depend on energy input, and thus, the 
last one can be used for the monopropellant thruster start-up control. 
Based on the experience obtained the model was developed for predicting performance and main 
design features of the future nitrous oxide monopropellant thruster. 
The challenges of nitrous oxide decomposition associated with high process temperature were 
identified, and will be approached. 
The recommendations are given for the future research areas. 
The investigation into small thruster performance identified two fundamental limitations: the 
smallest nozzle size, and the smallest reaction chamber. 
A numerical model was developed for simulation of small nozzle performance, and helped to reveal 
the true form of momentum thrust equation. This form represents nozzle thrust as a parabolic 
(rather than linear) function of nozzle throat Reynolds number. It also demonstrates that for 
constant flow friction (Re = const) nozzle thrust is a hyperbolic function of thruster chamber 
pressure. This model was used for determination of the smallest nozzle size. 
New analytical model was developed to determine the smallest reaction chamber diameter size, and 
helps for assessments of the smallest chamber size for low-thrust chemical thrusters. 
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Appendix A 
Values for the constants of the BWR equation of state (Equation 2-3). 
Ao = 3.0868 
Bo = 5.l953xlO·2 
Co = 1.2725x105 
a = 0.10946 
b = 3.7755xlO-3 
C = 1.3794x104 
a= 9.377xlO-5 
r= 5.301xlO-3 
Appendix A 
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dA = 2 ;r,J sin ¢Jd ¢J 
The thrust equation can be rewritten as: 
a 
F = f 27l' r2p u~ sin t/> cost/> dt/> + (Pe - Pa)Ae 
o 
Figure 8-2: Divergent nozzle flow u = U = Const. Boundary-layer is neglected. 
Integration over vertex angle yields: 
2 2 ( 1 - cos 
2 a) ( ) F = 27l' r p ue 2 + Pe - Pa Ae 
By designated the curved exit area as Ae', 
a 
Ae '= f 27l' r2 sint/> dt/> = 27l' r2(1-cosa) 
o 
The mass flow rate can be expressed as: 
Substituting into the thrust equation above: 
. ( 1 + cos a) ( ) F = mu e 2 + P e - P a Ae 
Equation 8-2 
The traditional planar exit area Ae = ;r,2 sin2 a = ;r,J (1 - coi a), allows to rewrite the exit area 
as: 
A = A ,(l+cosa) 
e e 2 
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Substitution into Equation 8-2 the thrust equation accounting divergent losses in the nozzle with 
invisid flow is derived, 
F = ( 1 + cos a J[ . (-)A ,] 2 mU e + Pe Pa e 
Equation 8-3 
Heat generation inside long solid rod 
The derivation of the equation for heat generation inside long solid rod is given below. 
The equation for radial heat distribution in porous long solid rod (thruster's core) with uniform 
heat generation can be written in cylindrical coordinates as [Kreith97]: 
!~(r dT(r)J+ qG = 0 
r dr dr A' 
Equation 8-4 
where r - radius, m 
T( r) - temperature, K 
q G - volumetric rate of heat generation, W 1m3 
A'=A( 1-£) - coefficient of thermal conductivity for porous solid media, W/rnlK, where 
£- void fraction (porosity) 
A - coefficient of thermal conductivity for the material, W/rnlK 
Integration of Equation 8-4 yields: 
Equation 8-5 
Since along the central axis of the rod heat losses are minimal the temperature has its maximum, 
and the following boundary condition can be applied to determine C j constant: dT(O) = O. 
dr 
Applying these conditions one will find C j = O. 
The further integration gives: 
• 2 
T(r) = - qG r + C 4X 2 
Equation 8-6 
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Boundary condition on the outer surface of the rod r = rl is set T(rl) = TI . 
. 2 
qG'i Whence, Co = --+ T.l ' and ~ 4X 
Equation 8-7 
Appendix B 
Hence, radial temperature distribution inside porous rod with uniform heat generation is 
parabolic. The maximum temperature is: 
• 2 
T = T. + qGTl max 1 4X 
Equation 8-8 
The mean value of the temperature (chamber temperature) can be obtained by integration of the 
Equation 8-7. 
• 2 q r. Assume C = _G_l_ then: 
4X ' 
Substituting C, the mean value of the temperature: 
• 2 
- q r. T = T = T. + _G_l_ 
ch 1 8A' 
Equation 8-9 
As the first order approximation for steady-state heat generation inside porous rod is assumed to 
be uniform. 
The actual heat generation function can be determined through iterative calculation of 2-D model 
for heat generation or/and by experiment. Due to multiple simplifying assumptions associated 
with development of such calculation model the results gained require validation by experiment. 
Technical difficulties associated with temperature measurements inside small thruster are, 
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however, quite challenging. For these reasons, the actual spatial heat generation function is 
currently unknown. 
In general, simultaneous solution of 2-D spatial heat generation and transfer where heat transfer 
depends on generation while the last one, in tum, depends on transfer is doable, but enough 
challenging and time consuming to become future research topic for a dedicated researcher in 
computational fluid dynamic modelling. 
Heat Transfer Though a Long Cylinder With no Heat Generation 
The derivation of the equation for radial distribution of temperature inside long solid cylinder 
with no heat generation is given below. 
For the case of thruster casing and thermal insulation (no heat generation) Equation 8-4 is 
modified to [Kreith97]: 
.!!:-.(r dT(r)J = 0 
dr dr 
Equation 8·10 
The first integration yields: 
dT(r) CI 
-- -
dr r 
Equation 8·11 
The second integration gives: 
T(r) = Clin r + C2 
Equation 8·12 
The constants of integration can be determined from the boundary conditions: 
T(r;) = ClInr; + C2 at r = ri 
Thus, C2 = T(r;) - Clln 1j. Similarly, for Ti+j, T(1j+I) = Clln 1j+l + T(1j) - Clin 1j at r = ri+I 
[ ] In(r/r) T(r)=T(1j)+ T(r;+I)-T(1j) I 
In(r;+1 / 'I) 
Equation 8·13 
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Hence, temperature in cylindrical wall with no heat generation is distributed by logarithmic law. 
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Table 8-1: Medical NITROUS OXIDE from BOC GASES Specification 
Purity (gas phase) = 98.0% (min) 
Carbon dioxide = 300.0vpm (max) 
Carbon monoxide = 1O.0vpm (max) 
Higher oxides of nitrogen (NO/N02) = 2.0 (max) 
Moisture = 120.0vpm (max) 
Physical data 
Molecular weight = 44.01 
Physical state in cylinder = Liquid 
Specific gravity of gas at 15°C and 1013mb = 1.53 
Density of gas at 15°C and 1013mb = 1.875 kg/m3 
Triple point = 182.33°K = -90.8°C = -131.5°P 
Boiling point = 184.67°K = -88.5°C = -127.4°P 
Critical temperature = 309.584°K = 36.4°C = 97.6°P 
Critical pressure = 71.6 atm = 72.54 bar 
Critical volume = 2.21 Ukg 
Critical density = 0.4525 kgIL 
Vapour Pressure at 20°C = 50.8 bar 
Vapour Pressure at 21°C = 51.7 atm = 52.38 bar 
Specific Volume at 21°C = 543.1 Ukg 
Relative density, gas NC = 1.5 (air=l) 
Relative density, liquid = 1.2 (water=l) 
Table 8-2: Input data for LABVIEW computer code. 
Channel Device gain 
0 Thermocouple 1 K-type 0-1000C 282.0021211 
1 Thermocouple 2 K-type 0-1000C 282.2134128 
2 Thermocouple 3 K-type 0-1000C 282.9847353 
3 Thermocouple 4 K-type 0-1000C 283.0245851 
4 Thermocouple 5 K-type 0-1000C 282.5179454 
5 Thermocouple 6 R-type (analog output) 363.1777014 
6 Pressure O-lObar N/A 
7 Plow meter 8.347001988 
8 Power Supply (power side) 2.832118982 
9 Power Supply (heater side) 2.710812037 
10 Thermocouple 7 R-type N/A 
11 Thermocouple 8 R-type N/A 
12 Thermocouple 9 R-tYQe N/A 
13 Pressure 0-6bar N/A 
14 Thermocou~le 11 K -type 0-11 OC 31.05036777 
15 N/A N/A 
offset 
-246.9846 
-252.1466 
-251.1244 
-253.5130 
-252.3768 
4.2982 
N/A 
-6.94344 
-0.04213 
-0.01134 
N/A 
N/A 
N/A 
N/A 
-28.3083 
N/A 
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0.33 
L 20K 
DC 0-35V 0-lOA Heater 
10K 
Ch.8 Ch.9 
Figure 8-3: Electric circuit for heater power measurements. 
Nitrous Oxide Catalytic Decomposition Test Procedure 
The following test procedure is used for nitrous oxide decomposition testing using the set-up 
shown in Figure 5-5 and Figure 5-6. 
Before the test all regulators and a vale are closed. Power is off. 
1. Switch on the flow-meter at least 15 minutes prior to the test to warm it up. 
2. Switch on the air flow in the fume cabinet at least 3 minutes prior to the test. 
3. Switch thermocouple and pressure transmitter power supply on. Check the supplied 
voltage is in the range 24-35V. 
4. Make sure the power settings on heater power supply are set to zero power, and then, 
switch it on. 
5. Switch on the computer. 
6. Load the LABVIEW test program on the computer. 
7. Click <RUN> button on the on the screen panel. You will be asked to give the name of 
the file for the test data recording. Then, make sure there are readings from the 
thermocouples, pressure transmitters, flow-meter, and heater power supply. 
8. Click <STOP> (big, red) button on the screen panel. 
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9. Before any work with nitrous oxide is started, make sure air-flow in the fume cabinet is 
on as well as air-conditioning in the lab. 
10. Check the joints of nitrous oxide feed line on the subject of leaking. Tighten them if 
required. 
11. Close all open valves and regulators. 
12. Put on lab coat, protective eye goggles, and fabric gloves to protect yourself against cold 
nitrous oxide spills. 
13. Slowly open nitrous oxide tank regulator till it is fully open. 
14. Open valve. 
15. Set desired pressure by the pressure regulator turning its handle clockwise. 
NOW EVERYTHING IS READY FOR THE TESTING. 
During the test 
1. Click <RUN> button on the on the screen panel. You will be asked to give the name of 
the file for the test data recording. Then, make sure there are readings from the 
thermocouples, pressure transmitters, flow-meter, and heater power supply. 
2. Set the desired heater power on the heater power supply. 
3. Monitor temperature, heater power and pressure readings on the screen. 
4. After the required energy input, set the desired nitrous oxide flow by turning flow 
regulator's handle counter-clockwise. 
5. Leave the nitrous oxide flow on for the desired time before switching the heater power 
off. 
6. Monitor the test apparatus and the readings on the computer screen. 
7. After making the required observations, switch off the nitrous oxide flow by turning flow 
regulator's handle clockwise. 
8. Switch off the nitrous oxide supply by turning tank regulator's handle clockwise. 
9. Click <STOP> (big, red) button on the computer screen panel. You stopped data 
recording. 
THE TEST IS COMPLETE. 
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After test. 
1. Wait till catalyst cools down to the room temperature by monitoring thermocouple 6 that 
is equipped with a remote display. 
2. Purge the nitrous oxide trapped in the feed line by opening the flow regulator. Monitor 
the status by pressure gauge and flow-meter readings. 
3. When the system is purged, switch the power off. While switching off the heater power 
supply off, double check on zero power reading. Close all regulators and a valve. 
4. Switch off air flow in the fume cabinet. 
THE TESTING IS NOW COMPLETED. 
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Table 8-3: NzO Catalysts 
# Catalyst Support Form Remarks ;: - Cl)O 2~ E ... ° CI ::J _ 
'5l ::J-'5l I: ::J- E l! :e U l! I: 
... CI) 
')( ~ ~ 
,8, :c ;a. E caE:E =a. o E :!!iCl)U CI) ::J 0 o..! 1-« en III 0 
I Y N COO N/A Small pieces 260 8S4 Hot restarts achievable 
I-Smm Sinteri~ 
2 y N MnO N/A Small pieces N/A 368 Not active 
I-Smm 
3 y N MgO N/A Desiccant beads 360 690 Tenden~ to sinteri~ 
4 y N MgO N/A Fused pieces N/A 427 Not active 
S y N y-Ah03 8.1.1.1.1.1. Spheres 2-3 mm N/A 226 Not active 
6 y N FeO N/A Small pieces N/A ISO Not active 
I-S mm 
7 y N Ti02 N/A Small pieces N/A 412 When hot turns yellow, retaines colour 
I-S mm when cooled 
8 y N Ce02 N/A Small pieces N/A 540 When hot turns yellow, retaines colour 
1-5 mm when cooled 
9 y N SiC N/A N/A N/A Not active 
10 y N NiO N/A Small pieces N/A 130 Not active 
1-5mm 
11 N N COO SiC 791 sintering 
12 N N FeO SiC 900 
13 N N NiO SiC >1130 sinteri'!&. 
14 N N Fe203 y-Ah0 3 Spheres 2-3 mm N/A 170 Not active 
IS N 8.1.1.1 FeO Si02 fused lunJIlS N/A 402 Not active 
16 N N FeO MgO fused lumps N/A ISO Not active 
17 N N NiO MgO fused lumps N/A 162 Not active 
18 N N COO MgO fused lumps N/A -350 Not active 
19 N N NiO MgO desiccant beads ISO 800 Disacti vated at temperatures above 
800°C; Irreversible change of colour 
from green-grey to light green, 
suspected spinel grow 
sinteri~ 
20 N N COO MgO Desiccant beads 200 881 Disacti vated at temperatures above 
850°C; Irreversible change of colour 
from black to pink, suspected spinel 
grow 
sinteri'!&. 
21 N N CoO zr02 Small pieces N/A ISO Not active 
I-Smm 
22 N N NiO zr02 Small piecesl-5 N/A -300 Not active 
mm 
23 N Y COO MgO NiOon top N/A -200 Not active 
NiO 
24 N Y COO MgO FeOon top N/A 120 Not active 
y FeO 
25 N Y COO MgO Fe2030n top N/A 2S0 Not active 
y Fe20 3 
26 N Y COO MgO SiC on top 380 N/A Main catalyst exhausted before reaching 
y SiC required decomposition temperature 
27 N Y NiO MgO y-Ah03 on top N/A >1130 Main catalyst disactiveted during the run 
y y-Ah03 
28 Y N Fuel cell N/A Small pieces N/A 14S Not active 
material I-S mm 
29 N Y CoO zr02 N/A N/A Not active 
y NiO on top 
30 N Y COO MgO N/A N/A Not active 
N NiO zr02 on top 
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# Catalyst Support Form ClIO Remarks 
CI o!. E .... ° 11 :::J 
:::J _ 
C U :::J - 11 :e c .... = E ~ 0 :c ~ 0 ._ CII > >co.CII 
,0. E i1IE:E =0. 0 CII :::J 0 11. :ECllu 
CJ)cn 0 ~<C 
31 N Y NiO Zr02 N/A 820 
Y NiO on top 
32 y Y CoO mixed N/A 130 Not active 
y SiC 
33 N Y CoO MgO mixed 160 700 
Y SiC 
34 N Y Rh20 3 y-A\z03 N/A -800 
N COO Si02 on top 
35 N Y Rh20 3 y-AIz0 3 N/A 959 Irreversible change of colour from black 
N COO y-A\z03 on top to blue 
Suspected spinel formation 
36 N Y Rh20 3 y-A\z03 N/A 805 Suspected spinel formation 
N COO y-A\z03 on top 1500°C 
pretreated 
37 N Y Rh20 3 y-A\z03 N/A 1120 Irreversible loss of ginger colour for 
N FeO y-AIz0 3 on top white 
Suspected spinel formation 
38 N Y Rh20 3 y-A\z03 N/A 908 Suspected spinel formation 
N FeO y-A\z03 on top 1500°C 
pretreated 
39 N Y Rh20 3 y-A\z03 N/A -1000 Irreversible change of colour from light 
N NiO y-Ah03 on top green to light blue 
Suspected spinel formation 
40 N Y Rh20 3 y-A\z03 256 1032 Performance degradation 
y SiC on top 
41 N Y Rh20 3 y-A\z03 250 >1130 Molten steel 
y rust on top 
42 y N Zr02+I%H Small pieces 1-5 500 1142 Irreversible change of colour from grey 
f mm to white 
Suspected loss of Hf 
43 N Y NiO zr02 mixed 500 1538 Acti ve through several restarts 
y NiO 
44 LCH-212 450 1163 Catalyst redeposits itself on 
Shell-405 thermocouple in flow 
Catalyst material sublimation 
45 N N Rh20 3 y-A\z03 Spheres 2-3 mm 250 1376 Loss of catalyst from pellet surface 
catalyst disactivation 
46 N N NiO MgO+ 220 786 Irreversible change of colour from 
zr02 green-grey to light green, suspected 
spinel grow 
sintering 
47 N N Fe203 ZSM-5 Corning monolyth 450 >1100 Zeolite sinteri~ 
48 N N Rh20 3 y-A\z03 Corning monolyth 300 >1130 Erosion of the monolyth 
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Test Results 
Table 8-4 defines the test conditions for each of the graphs shown below. 
Table 8-4: Test records. 
Test Design Catalyst Support Heater Remarks 
number 
1 3 1% rhodium alumina stainless Catalyst lO.4gm 
oxide pellets steel stainless steel 
tube housing the 
catalyst 
2-12 Catalyst 5.8gm 
13-16 New needle 
valve; alumina 
tube houses the 
catalyst 
17-53 stainless steel 
tube housing the 
catalyst 
54-76 new stainless 
steel heater 
77-78 80%Nil20%Cu 
79-84 1% rhodium 
oxide 
85-91 4 Shell 405 
choked LCH-212 
92 3 NiO N/A Ni/Cr alumina tube 
93-108 1% rhodium alumina New catalyst 
oxide pellets 6gm; stainless 
steel tube 
109 New catalyst N/A 
from chemistry 
department 
110-142 1 % rhodium alumina New catalyst 
oxide pellets 6gm; stainless 
steel tube 
143 8%CU/Mg9 N/A 
144 8%CU/ZnO 
145 Ir/Zr02 + (Ce02 
-Zr02) 
146 (Cu-Co-Pe)Ox 
147 Cu-Co/MgO 
148 NiOISiC 
149 NiO 
150 Ir/Zr02 + (Ce02 
- Zr02) 
151 NiO+NiOISiC 
152-165 1% rhodium alumina New catalyst 
oxide pellets 6gm; stainless 
steel tube 
Note: NI A - non-apphcable 
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Test Design Catalyst Support Heater Remarks 
number 
166-194 3 3% rhodium alumina stainless New catalyst 
oxide pellets steel stainless steel 
tube housing the 
catalyst 
195 NiO N/A New heater 
196 5%Ce02NiO 
197 1O%Ce02 NiO 
198-212 3% rhodium alumina stainless steel 
oxide pellets tube housing the 
catalyst 
213 20%Ce02NiO N/A 
214 1% rhodium alumina New catalyst 
oxide pellets 6gm; stainless 
steel tube 
215-216 Ce-NiO/Zr02 N/A 
217 1% rhodium alumina 6gm; stainless 
oxide pellets steel tube 
218 Ce-NiO/Zr02 N/A 
219-225 1 % rhodium alumina 6gm; stainless 
oxide pellets steel tube 
226-230 3% rhodium New catalyst 
oxide stainless steel 
tube housing the 
catalyst 
231 4 NiO N/A 
(non-
choked) 
232 4 
(choked) 
233 4 Pd/Si02 
234 (non- Ti02 
235-236 choked) 1 % rhodium alumina New catalyst 
oxide pellets stainless steel 
tube housing the 
catalyst 
237 3% rhodium New catalyst 
oxide stainless steel 
tube housing the 
catalyst 
238 1% rhodium stainless steel 
oxide tube housing the 
catalyst 
239 3% rhodium New catalyst 
oxide stainless steel 
tube housing the 
catalyst 
240 4 1 % rhodium stainless steel 
(choked) oxide tube housing the 
catalyst 
Note: N/A - non-applIcable 
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Test 2 
1100 T-----------------------------------------------~30 
1000 
900 25 
800 
0 700 
of 
... 600 ::l 
1ii 
... 500 CI) Q. 
E 400 CI) 
I- -Flow exhaust temperature 
300 
-N20flow 
200 
--Power --------------- 5 
100 
0 
301 601 901 1201 1501 1801 2101 2401 2701 3001 3301 
Time, S 
Catalyst: 1 % rhodium oxide on alumina (S.8gm), used in test 1; Heater: stainless steel wire 
Test 3 
1000 ~----------------------------------------------~25 
900 
800 20 
3: 
700 
0 
~ 600 
.a 500 - Flow exhaust temperature I!! - - - --
CI) 
-N20flow Q. 400 E 
CI) 
--Power I- 300 
~ 
15 ~ 
Q. 
-:E 
Q. 
10 ~ 
~ 
u: 
200 5 
100 
0 Jb~~::::rt:~~o 
1 301 601 901 
Time, s 
Catalyst: 1 % rhodium oxide on alumina (5.8gm), used in test 2; Heater: stainless steel wire 
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Test 4 
1000 .-------------------------=-=--------------------.25 
900 
800 20 
3: 
700 
0 
! 600 
a 500 e 
CI) 
Q. 
400 E 
~ 300 
-Flow exhaust temperature 
------
-N20flow 
- - - - - - --Power 
200 
100 
0 
1 301 601 901 1201 1501 
Time, S 
Catalyst: 1 % rhodium oxide on alumina (S.8gm), used in test 3; Heater: stainless steel wire 
TestS 
800~---------------------y----------------------~ 
700 
600 
o 500 
! t 400 
i 300 
.... 
200 
100 
- Flow exhaust temperature _ _ 
-N20flow 
--Power 
301 601 
Time, S 
901 
Catalyst: 1 % rhodium oxide on alumina, used in test 1; Heater: stainless steel wire 
30 
25 
3: 
20 ~~ 
~ 
0 
0. 
15 -=: 
0. 
..J 
CJ) 
10 ~~ 
0 
Li: 
5 
0 
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TestS 
8oo.---------------------------------------------~30 
700 
600 
~ 500 
I! 
:s 
1400 
~ 300 
200 
100 
- - - Flow exhaust temperature -
-N20flow 
--Power 
301 601 
Time, s 
901 
25 
3: 
20 ~ 
o 
~ 
15 -~ 
~ 
..J (J) 
10 ~ 
o 
u: 
5 
Catalyst: 1 % rhodium oxide on alumina, used in test 1; Heater: stainless steel wire 
1200 
1100 
1000 
900 
0 800 
e- 700 
~ 600 
CP Q. 500 E 
~ 400 
300 
200 
100 
0 
Test 7 
~~---r----------------------------------_r25 
-- .. - --
___ - Flow exhaust temperature 
-N20flow 
--Power 
.... 
~ 
~ 10 ..J (J) 
~ 
'---------------'- - - - - - - - - - - ... - .... -1""--~-... -... - .. 5 u: 
301 601 901 1201 1501 1801 2101 2401 2701 3001 3301 3601 
Time, s 
Same as test 6 
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TestS 
600.-----------------------------------------------r30 
o 400 
! 
:s e 300 
8. 
E 
~ 200 
100 
Same as test 7 
- Flow exhaust temperature 
-N20flow 
--Power 
301 601 
Time, S 
Test 9 
901 1201 
25 
3: 
20 ... ~ ; 
o 
11. 
15 -:E 
11. 
..J 
UJ 
10 ~ 
u::: 
5 
700~~------------~----==---------------------r25 
600 
20 
3: 500 ... ~ 
C\) 
15 ~ 
11. 
-:E 
11. 
10 ~ 
~ 
5 u::: 
o 
~~ 400 
~ 
8. 300 
~ 200 - Flow exhaust temperature 
-N20flow 
100 --Power 
301 601 901 1201 
Time, S 
Same as test 8 
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Test 10 
1000 ~c-------------------~ .. -.------------~25 
900 
800 
700 
0 
t 600 
::::I 
- 500 f!! 
CI) 
c. 400 E 
~ 300 
200 
100 
0 
-Flow exhaust temperature 
-Flow 
--Power 
~~~~~~~~~~~~~~~~~~~~~~~~~~ 
ooooooooo8°oooooo~ooooooo M~mN~OO~~~ M~mN~OO~ ~OM~mN~ ~~~NNNMMMM~~~~ ~~~~~~~ 
Time, S 
Same as test 9 
Test 11 
20 ;: 
..: 
15 ! 
ll. 
-:! 
ll. 
10 ~ 
~ 
5 i! 
700 ,.----------------------------r 30 
600 25 
500 
o 
t 400 
t 300 ~ 
- Flow exhaust temperature 
--N20flow 
--Power 
200 
100 5 
301 601 901 1201 1501 1801 
Time, s 
Same as test 10 
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Test 12 
800 .-r--7"-:---;------------------------r 25 
700 
20 
600 
o 500 - - Flow exhaust temperature - -
! 
~ -N20flow E 400 
- --Power 
8-
E ~ 300 
200 
5 
100 
301 601 901 
Time,s 
Same as test 11 
Test 13 
900 14 
800 
12 
700 
600 
10 == 
.: 
0 
! 500 i 
8. 400 
-Flow exhaust temperature i 
I- 300 -N20flow 
--Power 
I 
8 0 D. 
-:E 
---------- 6 D. ..... 
en 
i 
4 
0 
iL: 
200 
100 
2 
0 0 
301 601 901 1201 
Time, s 
Same as test 12. New needle valve; alumina tube houses the catalyst 
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Test 14 
900 -r---------------------------------------------------~20 
800 -
700 
600 
o 
~ 500 ~ 
8. 400 
~ 300 
200 
100 
301 601 
Same as test 13 
- Flow exhaust temperature 
- - - - - - - - - - N20 flow 
--Power 
.. 
901 1201 1501 
Time, s 
Test 15 
18 
16 
14 3: 
~ 
12 ~ 
a. 
10 -::ii 
a. 
8 ~ 
~ 6 u:: 
4 
2 
1~~--------~================~----------------~25 
o 
~ 
t 
~ 
900 
800 
700 
600 
500 
400 
300 
200 
100 
-Flow exhaust temperature 
-N20flow 
--Power 
------------LL--------------------
301 601 
Time,s 
Catalyst from test 14 
20 
.: 
Q) 
15 ~ 
a. 
-
5 
901 1201 
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Test 16 
50~------------------------------------------------~ o.@ 
45 
40 
35 
u e 30 
~ 25 
& 
E 20 ~ 
15 
10 
5 
Same as test 15 
/L----"------"L..L..~- _ _ _ _ _ _ ____ _ 
301 
Time,s 
Test 17 
0.35 
0.30 
== 
.: 
0.25 ; 
o 
Q. 
0.20 i 
Q. 
-J 
0.15 ~ 
~ 
0.10 i! 
0.05 
700 r---------------------------------------------~ 30 
600 
500 
0 
~ 400 
~ 
-l! 
G) 300 c. 
E 
G) 
.... 
200 
100 
0 
1 
- Flow exhaust telTl>erature 
-N20flow 
-Power 
301 601 901 
Time,s 
25 
~ 
20 ~ ; 
~ 
15 -::E 
0.. 
..J 
en 
10 ~ 
.E 
I.L 
5 
L--____________________________ .~ ____ . _ __.J 
Catalyst from test 16; stainless steel tube housing the catalyst 
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Test 18 
800~-----------------------------------------r30 
700 
600 
o 500 
e 
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G) 
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E 300 G) 
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Same as test 17 
Same as test 18 
25 
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Time,s 
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80 
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! 70 
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Same as test 19 
Test 20 
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Time, s 
Test 21 
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tn 
10 ~~ 
o 
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Time,s 
Same as test 20 
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Test 22 
-y-------------------,-;y-:.--------r 35.0 
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ __ - Flow exhaust temperature ___ _ 
______ - N20 flow 
--Power 
30.0 
25.0 := 
.: ; 
20.0 ~ 
-2 
15.0 ~ 
f/) 
~ 
10.0 u: 
5.0 
-i---..,-----r----r-L-...-..L.r----r----,----,..-----r-..L 0.0 
301 
Time, S 
Same as test 21 
Test 23 
80 or------------------------------------------.30 
70 
60 
0 50 
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~ 40 
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~ 30 to-
20 
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Same as test 22 
- - - - - - - - - - Flow exhaust temperature 
-N20flow 
- - - - - - - - - - - --Power 
301 601 
Time, S 
25 
20 := 
.: ; 
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..J 
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u: 
5 
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Test 24 
100 35 
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30 
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70 25 3: 
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0 60 ; af 20 0 
... 0.. i 50 -... ::i III 
15 ~ Q. E 40 (JJ III 
- Flow exhaust temperature J- ~ 
30 -N20flow ------- 0 10 ~ 
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20 ---------- -------
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Time, S 
Same as test 23 
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70 ~~-------------------------------------------.~ 
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Test 26 
~-----------------------------------------------.60 
- Flow exhaust temperature 
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-Power ~~~--~--~--~-~----------
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Same as test 25 
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Test 28 
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Same as test 27 
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Test 30 
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Same as test 30 
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Test 32 
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Test 34 
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Test 36 
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Test 38 
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Test 40 
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Test 42 
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Test 44 
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Test 46 
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Test 48 
900~---------------------------------------------,40 
800 
700 
600 () 
~ 500 
'&i 
... Q) 
~4oo 
Q) 
.... 300 
200 
1 
Same as test 47 
301 Time,s 
Test 49 
- Flow exhaust temperature 
-N20flow 
-Power 
601 
35 
..: 
Q) 
253: 
~ 
-2G:E 
a.. 
...J 
15~ 
3: 
o 
1 OiL. 
5 
1000 ~---------------------------------------,35 
900 
800 
700 
() 
~ 600 
:::J 
'&i 500 ... 
8-
E 400 
~ 
300 
200 
100 
0 
1 
Same as test 48 
301 
- - - - - - - - - - - - -r----------, 
-Flow exhaust temperature 
- - - - - - - - - - - - - - - N20 flow 
601 
-Power 
901 
Time,s 
1201 1501 
30 
194 
Appendix E 
Test 50 
900 ~----------------------------------------r40 
800 
700 
0 600 
(1) 
~ 500 
16 
... 
8.400 
E 
Ci) 
I- 300 
200 
100 
0 
1 301 
Same as test 49 
-Flow exhaust temperature 
-N20flow 
-Power 
601 
Time,s 
Test 51 
35 
30 == 
a.: 
Ci) 
25 ~ 
D.. 
-20 :iE 
D.. 
..J 
15 ~ 
~ 
10 u::: 
5 
900 ~~-----------------------------------r40 
800 
700 
o 600 
(1) 
~ 500 
16 
... 
8.400 
E 
Ci) 
I- 300 
200 
100 
0 
1 
- Flow exhaust temperature 
---- -N20flow 
-Power 
301 601 
35 
..: 
Ci) 
25 ~ 
D.. 
-20 :iE 
D.. 
..J 
15 ~ 
~ 
10 ii: 
5 
Time,s L--------------~~-------______________ _______.J 
Same as test 50 
195 
/ 
Appendix E 
Test 52 
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Test 54 
700 .. ----------------------------------------------,40 
600 -
500 
0 
~oo 
:::J 
1;; 
'-Q) 
~oo 
Q) 
I-
200 
100 
0 
1 301 
Same as test 53; new stainless steel heater 
- Flow exhaust temperature 
-N20flow 
-Power 
601 
Time,s 
Test 55 
35 
303: 
&..:' Q) 
25 == o 
Q. 
-20 :i 
Q. 
..J 
15~ 
~ 
10 u:: 
5 
800.---------------------------------------------.35 
700 
600 
~ 500 
e 
:::J 
.... e 400 
Q) 
c. 
~ 300 
.... 
Same as test 54 
- Flow exhaust temperature 
- - - - - - - - - - - - - - - - - - N20 flow 
-Power 
301 601 901 1201 1501 1801 2101 2401 2701 3001 3301 
Time,s 
30 
25 3: 
..: ; 
20 ~ 
-::E 
15 ~ 
(f) 
'i 
10 .2 
LL 
197 
500 
400 
o 
~ 
~ 
1300 
i ~ 200 
100 
Same as test 55 
301 601 901 
500 -------- ---------
400 
o 
~ 
~ 300 
8-
i 
Appendix E 
Test 56 
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Test 58 
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Test 60 
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Test 64 
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Test 66 
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Test 68 
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Test 70 
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Test 72 
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Test 76 
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209 
Appendix E 
Test 80 
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Test 88 
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8. 
E 200 
~ 
150 
100 
50 
0 
1 
Same as test 89 
- Flow exhaust temperature 
- - - - - - - - - - N20 flow 
_________ - Power 
301 601 901 1201 1501 1801 2101 2401 2701 3001 
Time,s 
Test 91 
35 
30 3: 
.: Q) 
25 ~ 
D. 
-20 :E 
D. 
...J 
15 ~ 
3: 
o 
10 u::: 
5 
250~---------------------------------------------.35 
200 
o 
e~ 150 
::l 
I 
E 100 
~ 
50 
1 
------~-----------------, 
- Flow exhaust temperature 
-N20flow 
-Power 
______ L-________________ ~ 
301 601 
Time,s 
Same as test 90 
901 
30 
-:E 
15 ~ 
en 
'i 
10 ..2 
LL 
5 
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Test 92 
250~-------------------------------------------------. 35 
- Flow exhaust temperature 
200 -N20flow 
o 
~ 150 e 
:::J 
... 
e 
Q) 
Q. 
E 100 
Q) 
~ 
50 
-Power 
301 601 901 
Time, S 
Design #3: alumina tube; NilCr heater; catalyst: NiO 
Test 93 
30 
25 3: 
..: 
Q) 
~ 
20 ~ 
-:E 
15 ~ 
U) 
i 
10 .2 
LL 
5 
0 
1201 1501 
350~----------------------------------------------------,35 
300 
250 
-Flow exhaust temperature 
- - - - - - - - - - --N20 flow 
--Power 
100 
50 
30 
25 3: 
..: 
~ 20 0 Q. 
-:::E 
15 ~ 
en 
'i 
10 oS? LL 
- 5 
301 601 901 1201 1501 1801 2101 2401 2701 3001 3301 
Time, s 
Design #3: stainless steel tube; Catalyst: 1 % rhodium oxide on alumina (6gm), new 
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Test 94 
500~----------------------------------------------------~35 
450 
400 
350 
~ 300 
~ 
~ e 250 
8. i 200 
I-
150 
100 
50 
Same as test 93 
"----~--.----.. -----------------------.-., .. 
- Flow exhaust temperature 
- - - - - - - - - - - - - --N20 flow 
--Power L-__________________ ~----------------
301 601 901 1201 1501 1801 
Time, S 
Test 95 
25 3: 
.: ; 
20 0 11. 
-
5 
500~y-------------------------------------------------__.35 
450 
400 
350 
~ 300 
~ 
~ 250 
8. 
~ 200 
150 
-----------------------~-~----~-----~-----~~-----~----
,--------------------, .. ---------------
- Flow exhaust temperature 
_ - - - - - - - - - - - - - - - - - N20 flow 
--Power 
~~~~~~~~~~~---------------
100 ---- ----------------------------------------------------
50 
301 601 901 1201 1501 
Time, S 
Same as test 94 
30 
25 3: 
.: ; 
20 ~ 
-::iii: 
15 ~ 
(J) 
~ 
10 u:: 
5 
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Test 96 
500~-----------------------------------------------------.40 
450 
400 
350 
c: 300 
~ 
:::II E 250 
~ 
E 200 
~ 
150 
100 
50 
Same as test 95 
-Flow exhaust temperature 
--N20flow 
--Power 
-----------------~------------------~--------
301 601 901 1201 1501 
Time, S 
Test 97 
30 
3: 
25 ~ 
a.. 
20 ...... 
:E 
a.. 
..J 
15 CJ)~ 
~ 
o 
10 u: 
5 
450 ~----------------------------------------------------~ 40 
400 
350 
300 
0 
€ 250 ~ 
8. 200 
E 
~ 150 
100 
50 
0 
301 
Same as test 96 
-Flow exhaust temperature 
--N20flow 
--Power 
'---------------------------'- - - - - - - - - - -- - - - -
601 901 1201 1501 
Time, S 
35 
30 
3: 
.: 
25 ~ 
o 
a.. 
20 ...... 
:E 
a.. 
..J 
15 ~ 
~ 
o 
10 u: 
5 
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Test 98 
500.---------------------------------------------------~35 
450 
400 
350 
c.: 300 
~ 
::s e 250 
~ 
~ 200 
150 
100 
50 
Same as test 97 
450 
400 
350 
300 
0 
~ 250 ::s 
E 
~ 200 
E 
~ 150 
100 
50 
0 
Same as test 98 
301 
301 
- - - - - - -Flow exhaust temperature - - - - - - - - ______ _ 
-N20flow 
--Power 
601 901 1201 1501 1801 
Time, S 
Test 99 
- -- - - - - --
---------
- Flow exhaust temperature 
-----------
-N20flow 
--Power -----------
601 901 1201 
Time, S 
30 
25 3: 
.: 
20 ~ D.. 
:::!: 
15 ~ 
U) 
~ 
10 iL 
5 
40 
35 
30 
3: 
.: 
25 ; 
0 
D.. 
20 -:i! 
D.. 
...J 
15 ~ 
~ 
iL 10 
5 
0 
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Test 100 
5oo.-----------------------------------------------------~ 50 
450 
400 
350 
o e 300 
~ 250 
8. 
E 200 
~ 
150 
100 
50 
Same as test 99 
301 
-Flow exhaust temperature 
------------
-N20flow 
- - - - - - - - - - - - - --Power 
601 901 1201 1501 1801 
Time, S 
Test 101 
2101 2401 2701 
45 
40 
35 3: 
..: 
CI) 
30 ~ 
Q, 
25 -::!: 
Q, 
20 ~ 
'i 
15 .2 
1.1. 
10 
5 
35.--------------------------------------------------.35 
o 
e 20 
~ 
c. 15 ~ 
-Flow exhaust temperature - - - - - - - - - - - - - - - - - --
-N20flow 
10 --Power 
5 
30 
25 3: 
; 
20 ~ 
-::!: 
15 ~ 
t/) 
'i 
10 .2 u.. 
5 
o~~~~====~======~====~====~======~~o 
301 
Time, S 
Same as test 100 
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Test 102 
35 ~------------------------------------------~--~---r~ 50 
30 
25 
0 
i 20 
::::I 
~ 
8. 15 E 
~ 
10 
5 
0 
Same as test 10 1 
_ - - - - - - __ - - - - - - Flow exhaust temperature - - __ - - - _________ _ 
-N20flow 
--Power 
--------------L-__________________ ~ 
301 
Time, s 
Test 103 
45 
40 
35 3: 
i 
30 ~ 
o 
Il. 
25 -:::a: 
Il. 
20 ~ 
'i 
15 .2 u. 
10 
5 
45 60 
40 -----------
35 
30 
o 
i 25 J... . ~~.,...III\.II_II!!'------------------------------------------
.a 
i 20 
~ 15 - Flow exhaust temperature _____________ _ 
-N20flow 
10 --Power 
5 
301 
Time, s 
Same as test 102 
50 
3: 
40 .. ~ 
~ 
o 
Il. 
30 -:::a: 
Il. 
..J 
U) 
20 ~ 
ii: 
10 
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Test 104 
40~---------------------------------------------------T35 
35 
30 
- Flow exhaust temperature _____________________ _ 
-N20flow 
10 --Power 
5 
301 
Time, S 
Same as test 103 
Test 105 
253: 
~ 
20 ~ 
-:!l 
15 ~ 
VJ 
i 
o 
10 i:i: 
5 
50~--------------------------------------------------~35 
45 
40 
35 
o PI 30 
~ 25 -U.I",.~.a .... .."~ ...... .,,,,1F: 
~ 
~ 20 
15 
10 
5 
- Flow exhaust temperature ___________ _ 
-N20flow 
---Power 
301 
30 
25 3: 
~ 
20 ~ 
-:!l 
15 ~ 
VJ 
i 
o 
10 i:i: 
5 
Time, S -------------------------------------------------~ 
Same as test 104 
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Test 106 
60~----------------------------------------------------.35 
50 
40 
o 
t 
= e 30 
~ 
i 
I- 20 
10 
- Flow exhaust temperature - - - - - - - - - -
-N20flow 
--Power 
--------------------------- L-__________________ ~----------
301 
Time, s 
Same as test 105 
Test 107 
30~------------------------------------------------r 
25 
- Flow exhaust temperature 
- - - - - - - - - - - - - - - - - - - - N20 flow - - - - - - - - - - - - - - - - - -
-Power 
5 
30 
25 3: 
.: 
~ 
20 0 
c. 
-::::E 
15 ~ 
tJ) 
~ 
10 u::: 
5 
1 
0.9 
0.8 
== 0.7 a: 
Q) 
:t 0.6 0 
Il. 
-0.5 == 
Il. 
..J 0.4 tn 
i 0.3 ..2 
LL 
0.2 
0.1 
O~~~~TI-rTi-rTi-rTl-,TI-rTl-,TI-,~-,TI-rTl~O 
~ (I') LO r-- 0> ..-
..-
Same as test 106 
(I') LO r-- 0> ..-
~ ~ ..-
..- C\J 
Time,s 
0> ..-
C\J (I') 
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Test 108 
1100 35 
1000 
30 
900 
800 25 :;: 
700 ..: 0 ; 
~ 600 20 0 
.a Il. 
-III :!: .. ~ 500 -------- 15 ~ E -Flow exhaust temperature en ~ 400 -------- -N20flow ~~ 
300 -------- --Power 10 ~ 
200 - - -------------------
5 
100 
I 
0 0 
301 601 901 1201 1501 1801 2101 2401 2701 3001 3301 3601 
Time,s 
Same as test 107 
Test 109 
50~--------------------------------------------------~35 
45 
40 
35 
<:30 
e 
i25~~~~~~~~, 
.. 
& 
~20 
I-
15 
10 
New catalyst from chemistry department 
- Flow exhaust temperature _____________ _ 
-N20flow 
--Power 
301 
Time, s 
30 
25 :;: 
..: 
20 ~ 
Il. 
-:e 
15 ~ 
en 
~ 
10 Li: 
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Test 110 
450 y---------------------------------------------------~35 
400 
350 
300 -------
0 
~ 250 
::::I 
e 8. 200 
E 
~ 150 
100 
50 
0 
301 601 
Same as test 108 
-~--~-,--.;.j--... -- ,..- .-......... "",.....-, 30 
-Flow ex hast temperature _____________ _ 
-N20flow 
--Power 
901 1201 1501 
Time, s 
Test 111 
25 3: 
~ 
20 ~ 
-:E 
15 ~ 
o 
i 
10 ~ 
5 
450~--------------------------------------------------~35 
400 
350 
300 
o 
~ 250 ~ 
8. 200 
E 
~ 150 
100 
50 
Same as test 110 
301 601 
- Flow exhaust temperature 
-N20flow 
--Power 
~------------------~-------------
901 1201 1501 
Time,s 
30 
25 3: 
..: ; 
20 ~ 
-::E 
15 ~ 
o 
~ 
10 u:: 
5 
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Test 112 
450 35 
400 30 
350 
25 ;: 
300 ..: 
0 Q) := 
€ 250 20 ~ ~ 
-E 
-Flow exhaust temperature ~ 
8.200 ~------------ 15 ~ E -N20flow (J) 
Q) 
--Power 'i ~ 150 ---.----------
10 .2 u.. 
100 
5 50 
0 0 
301 601 901 1201 1501 
Time, S 
Same as test 111 
Test 113 
450~--------------------------------------------------_. 35 
400 
350 
300 
o 
€ 250 ! 
8. 200 
~ 150 
100 
50 
301 601 
Same as test 112 
-Flow exhaust temperature 
-N20flow 
--Power 
901 1201 
Time, S 
1501 
30 
25 ;: 
..: ; 
20 0 D. 
-
5 
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Test 114 
40~------------------------------------------------------~ 45 
35 
30 
-Flow exhaust temperature 
10 --N20flow 
--Power 
5 
....... M_ 40 
35 
== 30 .: ; 
25 ~ 
-
== 20 ~ 
en 
15 ~ 
u::: 
10 
5 
O~~==~====~======~====~====~======~====~O 
301 
Time, s 
Same as test 113 
Test 115 
45 .-------------------------------------------------------r40 
40 
35 
30 
0 
! 25 ~ 
e 
8. 20 
E 
~ 15 - Flow exhaust temperature --------------------
-N20flow 
10 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ --- Power 
5 
0 
Time, s 
301 
35 
30 
== ... ~ 
25 ; 
o 
1:1. 
20 -
== 1:1. 
....I 
15 en 
~ 
10 u::: 
5 
'----------------------------------------------
Same as test 114 
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Test 118 
90 35 
80 
30 
70 
25 3: 
60 ... ~ 
(J II) 
== ~ 50 20 0 D. 
= 
-E :E 8. 40 15 ~ E 
- Flow exhaust temperature en ~ 
'i 30 ------ ---------
--N20flow 10 ~ 
20 --Power 
5 
10 
0~~~====~==~====~==~==~====~=10 
301 
Time,s 
Same as test 117 
Test 119 
600~--------------------------------------------------.35 
500 
400 
(J 
~ 
~ 300 
8. 
E 
II) 
~ 200 
100 
Same as test 118 
301 
30 
25 3: 
- Flow exhaust temperature ___________ _ 
-N20flow 
--Power 
5 
601 901 1201 
Time,s 
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Test 120 
120.----------------------------------------------------r35 
100 -----------
80 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -Flow exhaust temperature - -
--N20flow 
--Power 
20 -----------------------------------~-~-~~~~~~~~~~-
30 
25 3: 
.: ; 
20 0 
a. 
-:E 
15 ~ 
tJ) 
~ 
10 iL 
5 
O+-------~~--------~--------,_--------,_--------~ 0 
301 
Time, S 
Same as test 119 
Test 121 
700~--------~~~--~~------------------------__r35 
600 
500 
200 
100 
Same as test 120 
.-------------------~-------------------
- - - - - - - - - - - - Flow exhaust temperature 
301 601 
-N20flow 
--Power 
901 1201 
Time, S 
1501 1801 2101 
30 
25 3: 
; 
20 ~ 
-:E 
15 ~ 
tJ) 
~ 
10 iL 
5 
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Test 122 
800 
700 ------------------------------------------ 30 
600 
25 ;: 
0 500 
ai 
... 
~ 400- -
Q) 
Co -Flow exhaust temperature 
E 300 Q) I- - - - - - - - - - - - - - - - - - - - - N20 flow - - - - - - - - - - - - - - - - -
::iE 
15 ~ 
(1J 
t 
10 .2 LL 
--Power 
200 
100 5 
0 
301 601 901 1201 
Time, s 
Same as test 121 
Test 123 
900 ~----------------------------------------------------~35 
800 "- -- - - - --
700 
600 
0 
t 500 
::J 
! 
8. 400 
E 
Q) 
I- 300 - - -- -
200 
100 
0 
301 
Same as test 122 
- Flow exhaust temperature ___________ _ 
-N20flow 
--Power 
601 
Time, s 
901 1201 
30 
25 ;: 
20 ~ 
a. 
-::iE 
15 ~ 
(1J 
~ 
10 ~ 
5 
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Test 124 
180~-------------------------------~~~--------------r35 
160 
140 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - --
120 
o 
~ 
~ 100 
I 80 
~ 60 - Flow exhaust temperature 
-N20flow 
40 ---Power .~---------------------------
30 
25 ~ 
..: 
~ 20 0 
a. 
...... 
~ 
15 ~ 
en 
~ 
10 iL 
5 20 ------------- -----------------------------------------------
O+-----~--~~~------,_----_,------~----_,------_r--~O 
301 
Time,s 
Same as test 123 
Test 125 
600~----------------------------------------------------~40 
500 
400 
o 
~ ! 300-
8. 
~ 
I- 200 
100 
Same as test 124 
- Flow exhaust temperature --
-N20flow 
---Power 
301 
Time,s 
35 
30 
~ 
..: 
25 ~ 
o 
a. 
20 ...... ~ 
a. 
...I 
15 ~ 
~ 
10 iL 
5 
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Test 126 
800~---------------------------------------------------r35 
700 
600 
o 500 
~ 
:;, E 400 
8. 
~ 300 I-
200 
100 
Same as test 125 
------------ --------
- Flow exhaust temperature 
_____ --N20 flow 
--Power 
301 
Time, S 
Test 127 
601 
30 
25 3: 
:E 
15 ~ 
CI) 
t 
10 ~ 
5 
900 .---------------------------------------------------.35 
800 
700 
0 600 
e 500 ~ 8. 400 
E 
~ 300 
200 
100 
0 
Same as test 126 
- Flow exhaust temperature 
- - - - - - - - - - - - - N20 flow 
--Power 
---------~------------------~-
301 601 901 
Time, S 
1201 
30 
25 3: 
... ft 
; 
20 0 A. 
-:E 
15 ~ 
CI) 
t 
10 .2 IL 
5 
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Test 128 
900 ~------------------------------------------~~--~35 
800 
700 
600 
0 
~ 500 
::l 
~ 8. 400 
E 
GI 
I- 300 
200 
100 
0 
Same as test 127 
________________ -Flow exhaust temperature __ _ 
-N20flow 
- - - - - - - - - -- Power 
301 601 901 
Time, s 
Test 129 
30 
25 == ; 
20 ~ 
..... 
== 15 ~ 
en 
~ 
10 .2 
u. 
5 
900~------------------------------------------------~35 
800 
700 
600 
o 
~ 500 i 
8. 400 
~ 300 
200 
100 
301 
Same as test 128 
-Flow exhaust temperature _____________ _ 
-N20flow 
--Power 
601 
Time, s 
30 
25 == 
; 
20 ~ 
..... 
== 15 ~ 
en 
~ 
10 ~ 
5 
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Test 130 
900 35 
800 
30 
700 
25 3: 
600 ----------
.: 
0 
20 ~ PI 500 ----------- Il. ~ - Flow exhaust temperature -
== & 400 
--N20flow --------------- 15 ~ E CIJ ~ --Power 
'i 300 0 
10 Li: 
200 
5 
100 ----------
0 0 
301 601 901 1201 
Time, S 
Same as test 129 
Test 131 
1000.--------------------------------------------------r 45 
900 
800 
700 
c.: 600 
I!! 
~ 500 
8. 
E 400 ~ 
300 
200 
100 
U""""-J"' __ v-ot. 
Same as test 130 
- Flow exhaust temperature 
-N20flow 
- - - - - - - - - -- Power 
301 601 
Time, S 
-------------
901 
40 
35 
30 ~ 
... ; 
25 ~ 
-
== 20 ~
CIJ 
15 ~ft 
Li: 
10 
5 
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Test 132 
1000 35 
900 
30 
800 
700 25 3: 
..: 
0 CD 600 - - - - - - -
== ! 20 0 Q. ::s 
-e 500 :::!: 8. 15 ~ E 400 - Flow exhaust temperature ------------- tJ) ~ 
-N20flow t 0 300 ---------- ------------- 10 Li: 
--Power 
200 ~----- - - -
5 
100 
0 0 
301 601 901 
Time,s 
Same as test 131 
Test 133 
1000 35 
900 
30 
800 
700 25 3: 
..: 
0 600 ~ ! 20 0 Q. ~ -500 ---------- :;: 
8. 15 ~ E 400 tJ) ~ - Flow exhaust temperature t 
-N20flow 0 300 ------ 10 Li: 
--Power 
200 
5 
100 
0 0 
301 601 901 
Time, s 
Same as test 132 
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Test 134 
1000 ~----------------------------------------------------T35 
900 
800 
700 
0 600 Gi 
... 
i 500 
... 
CII 
Q, 
E 400 CII I-
300 
200 
100 
0 
301 
Same as test 133 
- Flow exhaust temperature 
--N20flow 
--Power 
601 
Time, s 
Test 135 
30 
25 == 
.: ; 
20 ~ 
-
== 
15 ~ 
U) 
~ 
10 u: 
5 
1000 ~----------------------~~~~~~~------~40 
900 
800 
700 
0 600 ~ 
= E 500 ------- - -
CII 
Q, 
E 400 ----------CII 
I-
300 
200 
100 
0 
Same as test 134 
-Flow exhaust temperature - - - - - - - - - - - - - --
-N20flow 
--Power 
301 601 
Time,s 
35 
30 
== 
.: 
25 ; 
o 
a. 
20 -
== a. 
.J 
15 ~ 
~ 
u: 
10 
5 
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Test 136 
1000 ~----------------------~~~" ____ ~~----135 
900 
800 
700 
0 600 
ai' 
.. 
~ 
E 500 
8. 
E 400 ~ 
300 
200 
100 
0 
Same as test 135 
-,--------------,- - - - - -
- Flow exhaust temperature 
- - - - - - - - - - - - - - --N20 flow 
--Power 
301 601 
Time, S 
Test 137 
30 
25 ~ 
~ 
20 ~ 
-
== 
15 ~ 
en 
'i 
o 
10 ii: 
5 
1000 1---------------=:::;;;_;;;;iiiiiiiiiiiiiiili--~;;;:;::;:1 35 
900 
800 -----------
700 
~ 600 
! 
~ 
1500 
~ 400 
300 
200 ----------
100 
Same as test 136 
---------------------------------------------
- Flow exhaust temperature 
-N20flow 
--Power 
301 601 
Time, s 
30 
25 ~ 
..: 
20 ~ a. 
-
== 
15 ~ 
en 
~ 
10 ii: 
5 
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Test 138 
1000 ~-----------------------------------------------------~35 
900 
800 
700 
0 
~ 600 
::J 
~ 500 
~ 
E 400 ~ 
300 
200 
100 
0 
1 
Same as test 137 
- - - - - - - - - - - - - -- - - - -Flow exhaust temperature 
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ --N20 flow 
--Power 
301 601 901 
Time, s 
Test 139 
30 
25 3: 
; 
20 g, 
-
5 
1201 
1000 1------------=:;;;;;;;;;;;--iiiiiiiii __ ~=_--I40 
900 ----------------------------
800 
700 
c: 600 l!! 
~ 500 
8. 
~ 400 
300 
200 
100 
Same as test 138 
- - - - - - - - - - - - - - - - - - Flow exhaust temperature - - - - -
--N20flow 
--Power 
301 601 
Time, s 
35 
30 
3: 
.: 
25 ; 
o 
a.. 
20 -
== a.. 
..J 
15 U) 
i 
o 
10 u:: 
5 
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1100 
1000 
900 
800 
0 700 
ar 
... 600 ~ 
~ 500 
E 
G) 400 I-
300 
200 
100 
0 
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Test 140 
~------------------------------------------------T35 
30 
25 == 
~ 
20 ~ 
-
== 
15 ~ 
en 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -Flow exhaust temperature ~ 
_________________ --N20 flow 10 Li: 
--Power 
5 
301 601 901 
Time, S 
Same as test 139 
Test 141 
1100 r-----------------------------------------------,35 
1000 
900 
800 
0 700 
e 600 
.a 
E 
8. 500 
~ 400 
300 
200 
100 
0 
301 601 
Time, S 
Same as test 140 
- Flow exhaust temperature 
-N20flow 
--Power 
901 1201 
30 
25 == 
; 
20 ~ 
-
== 
15 ~ 
en 
~ 
10 Li: 
5 
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500 
450 
400 
350 
0 
elf 300 
... 
~ 
... f!! 250 
CD 
Q. 
E 200 
CD 
.... 
150 
100 
50 
0 
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Test 142 
~---------------------------------~--------------. 40 
------------ -------~------------------- - -----------------
- 35 
-Flow exhaust temperature 
- - - - - - - - - -N20 flow 
-Power 
---------~-----------------
---------------------------- ------------------------------
30 == 
~ 
25 ; 
~ 
..... 
20 :s 
Q. 
..J 
15 ~ ~ 
o 
10 u::: 
5 
+-----~----~------~----,-----~~---,------~~o 
1 301 
Time,s 
Same as test 141 
Test 143 
700~--------------------------.---------------__.~ 
600 
500 
- Flow exhaust temperature 
-N20flow 
-Power 
100 
1 301 601 901 1201 
Time,s 
Catalyst: 8%CU/MgO 
35 
30 3: 
..: 
CD 
25 ~ 
Il. 
"-
20 :E 
Il. 
...J 
15 ~ 
~ 
10 u:: 
5 
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Test 144 
500~----------------~~-------------------------------r35 
450 
400 - ---------
350 -----------
c.: 300 
~ 
~ 250 
~ 
~ 200 
150 
100 
50 
Catalyst: 8%CulZnO 
301 
______ - Flow exhaust temperature ______ _ 
-N20flow 
- - - - - - --Power 
601 901 
Time, S 
Test 145 
30 
25 == 
.: 
20 ~ 
c.. 
-
== 
15 ~ 
tn 
~ 
10 u:: 
5 
8oo~--------------------------------------------~35 
700 
600 
~ 500 
~ 
:::J 
~ 400 
~ 
~ 300 
- Flow exhaust temperature 
30 
25~ 
..: 
Q) 
~ 
20 £f 
-~ Q. 
15..J 
en 
200 - - - - - - - - - - - - - - - - N20 flow 
'i 
10..2 u. 
-Power 
100 
____________________________ 5 
1 301 601 901 1201 1501 1801 
Time,s 
Catalyst: Ir/Zr02 + (Ce02 - Zr02) 
242 
Appendix E 
Test 146 
500~----------------------------------------------~35 
o 
450 
400 
350 
~ 300 ! 
:::J 
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Test 148 
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Test 150 
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Test 154 
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Test 156 
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Test 158 
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Test 160 
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Test 164 
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Test 166 
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Test 168 
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Test 170 
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Test 172 
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Test 174 
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Test 176 
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Test 178 
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Test 180 
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Test 182 
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Test 184 
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Test 186 
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Test 188 
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Test 190 
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Test 192 
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Test 196 
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D. 
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-Power 
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Test 198 
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Catalyst:3% rhodium oxide on alumina from test 194 
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Same as test 198 
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Same as test 199 
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- Flow exhaust temperature 
- - - - - - - - - - - - - N20 flow 
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Test 201 
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Test 202 
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Test 204 
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Test 205 
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Test 206 
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Test 208 
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301 601 
Time,s 
Test 209 
901 
- Flow exhaust temperature 
---------------- --------
-N20flow 
-Power 
--------L-________________ ~ 
301 601 901 
Time,s 
1201 
1201 
30 
25 ::~ 
.. 
CI) 
:= 
20 ~ 
-:IE 
15 ~ 
en 
~ 
10 .2 u.. 
5 
274 
Appendix E 
Test 210 
1000~--------------------------------------------------~35 
900 
800 
700 
c: 600 
I!! 
~ f 500 
GI 
Q. 
E 400 ~ 
300 
200 
100 
- Flow exhaust temperature 
-N20flow 
_ _ _ _ _ _ _ _ _ _ _ --Power ______________ _ 
L-_____________ ~ 
30 
25 3: 
20 ~ 
a. 
-::l!: 
15 ~ 
UJ 
~ 
10 iL 
5 
O~~-r~~~"~-'~"~~",-,,,,~,,,,~~~~,-,,~O 
1 301 601 901 1201 1501 1801 2101 2401 2701 
Time,s 
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Test 211 
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Same as test 210 
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Test 212 
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Test 214 
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Test 216 
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60 25 
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== 20 ... ~ 0 CI) ~ ~ 40 0 Do ;::, 
15 i 10 
- Flow exhaust temperature ... 
8. 30 Do ----------
-N20flow ..J E U) 
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Time,s 
Catalyst: Ce-NiO/Zr02 
Test 217 
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------------
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Catalyst: 1 % rhodium oxide on alumina from test 214; stainless steel tube 
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UJ 
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Test 218 
1000 .,.-------------------------,- 6 
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1 
0-+-'r-r--r-"T"T"T""T"T""T-rr-r-r-r-r-r-r--;-;-r-rr-r-r-r-r-.,-,-.,.-,-,.-,-,.-,-.."....,..,--r-r-r-r-r+0 
1 301 601 901 1201 1501 1801 2101 2401 
Time,s 
Catalyst: Ce-NiO/Zr02 ; stainless steel tube 
Test 219 
1100~--~-----------------------------------------------.35 
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Test 220 
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200 5 
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Same as test 219 
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-Power 
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Test 222 
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---------------------------------------
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Test 224 
1100 ~----------------------------------------------,40 
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cD 
... 
::::I 600 1iS 
... 8. 500 
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-Flow exhaust temperature - - - - - - - - - - - - - - - - --
- N20 flow _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 
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!-=-=~~ __ ~_~_~_ ~_ ~_~_~_~_ ~_ ~_o-' ________________ _ 
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~ 
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Same as test 223 
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Test 225 
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1201 
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1000 
900 ------------------------------------------
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of 
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Time, s 
Same as test 224 
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Test 226 
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Catalyst:3% rhodium oxide on alumina; new 
Test 227 
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Same as test 226 
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Test 228 
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Same as test 228 
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______________ -Flow exhaust temperature __ 
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Test 230 
1000r-------------~==::::::::~~~;;;;;;;;~~ .. ~--., 35 
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Same as test 229 
301 
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-N20flow 
--Power 
- - - - - - - - - - - - - - - - - -- "'--________ ----l 
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25 3: 
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!400 
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Q) 
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0 
1 301 601 901 1201 1501 1801 2101 2401 2701 
Tlrre, s 
Design #4: (non-choked) Catalyst: NiO 
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Test 232 
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-
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~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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Design #4: (choked) Catalyst: NiO 
Test 233 
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35 
30 == 
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15 ~ 
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10 u:: 
5 
286 
Appendix E 
Test 234 
350 .,------------------------.-----,- 40 
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o 
f200 j 
E 
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- Flow exhaust temperature 
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35 
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D. 
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--- ------ 5 
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Time,s 
Design #4: (non-choked) Catalyst: Ti02 
Test 235 
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Catalyst: 1 % rhodium oxide on alumina; new 
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-.:t 
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D. 
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Test 236 
450 35 
400 30 
350 
== 25 
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'" 1U 
-Power ~ ~ 8. 200 15 Il. ..J 
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50 5 
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1 301 601 901 1201 1501 1801 
Time,s 
Same as test 235 
Test 237 
60 -r-----------------------------,- 0.7 
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40 
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Time,s 
Catalyst:3% rhodium oxide on alumina; new 
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Test 238 
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~500 G) ------ ~ 
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Time,s 
Design #3: Catalyst: 1 % rhodium oxide on alumina from test 236 
Test 239 
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Catalyst:3% rhodium oxide on alumina; new 
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Test 240 
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::::I e 25 
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~ - Flow exhaust temperature 
15 - - - - - - - _ N20 flow 
-Power 10 - - - - - - - '-_______ --.J 
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Time,s 
1201 1501 
Design #4: (choked); Catalyst: 1 % rhodium oxide on alumina from test 238 
Test 241 
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____________ 35 300 
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Tirre, 5 
Design #4: (choked); Catalyst: the mix of 3% and 1 % rhodium oxide on alumina 
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Test 242 
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Test 244 
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Test 246 
600r-----------------------------------------------.35 
500 
(.) 400 
e 
:l 
-l! 300 
CD Q. 
E 
CD 
I- 200 - - - - - - - - - - - - - - - - - - Flow exhaust temperature - - - - - - - - - - - -
-N20flow 
1 00 - - - - - - - - - - - - - - - - - - - - - - Power - - - - - - - - - - - -L-________________ ~ 
301 601 901 1201 1501 1801 2101 
Time,s 
Same as test 245 
Test 247 
700~-----------------------------------------------. 
600 
500 
o 
t 400 
:l 
~ 
CI) 
~300 
~ 
200 
- Flow exhaust temperature 
-N20flow 
-Power 
100 
1 301 601 901 
Time,s 
Same as test 246 
30 
25 3: 
-
5 
35 
30 
25 ==~ 
... 
CI) 
~ 
20~ 
-:E 
15~ (/) 
i 
10.2 u.. 
5 
0 
293 
Appendix E 
Test 248 
700~------------------------------------------------------. 
600 
500 
o 
e400 
~ 
GI 
D.300 ~ 
200 
100 
Same as test 247 
- Flow exhaust temperature 
-N20flow 
--Power 
301 601 901 
Time, s 
Test 249 
700~-----------------------------------------------------r 
600 
500 
o 
! 400 
i 
~ 300 
~ 
200 ---------------
100 
301 
Same as test 248 
- Flow exhaust temperature 
-N20flow 
--Power 
601 
Time, s 
901 
35 
30 
25 3: 
; 
20 0 Q. 
-:E 
15 ~ 
CI) 
oj 
10 £ 
LL 
5 
0 
40 
35 
30 
3: 
.: 
25 ! 
Q. 
20 -:E 
Q. 
..J 
15 ~ 
~ 
0 
10 u: 
5 
0 
294 
Appendix E 
Test 250 
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